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Preface. 
The first international colloquium concerned only with infra-
sound was held in Paris 1973. At this colloquium several ef-
f ects o f infrasound on human beings were p resented and revi ew-
ed . An effort was a l so made to suggest some very preliminary 
criteria for infrasonic exposure. I n the following years a 
number of new results were publis hed, and several o f them in-
dicated that the limits for acceptable infrasonic exposure 
should be l owe red considerabl y, if psychological effects were 
to be taken i nto account. Several countries have started more 
systema tically t o investigate infrasonic sources and to regi -
strate complaints from people being disturbed by infrasound . 
I nfrasound is traditional ly defined as sound waves with fre-
quencies below 20 Hz . However, when con sidering the p s ycholo-
gical a nd physiological effect s of noise i t does not seem to 
be profitable to divide the resea rch into one part bel ow 20 
Hz a nd another above. Therefore this conference has been pro-
posed to cove r both infrasound a nd the lower part of the no r-
mal hearing range up to about 100 Hz. 
The present international conference was i nitia ted during the 
Meeting on Low Frequency Noise at Chelsea College, London, 
1979. It was the general opinion that so much researc h is be-
i ng done within the field of low frequency noise that an in-
ternational conference is needed. Fur thermore, a few countri-
es have establi s h ed Recornrnandations for measuremen t of infra-
sound and permissible level of infrasonic exposure . These 
preliminary s tandards diverge no t i ceably from each other , 
probably because the knowledge about the e ffects of low f re-
quency noise is not sufficient at present . 
It is a serious problem that more exper iments are needed to 
establish l oudness and annoyance ratings as functions of t he 
intensity l eve l and temporal cour se . At t he moment a study 
group under ISO/TC 43 is working on standardization of mea-
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surernent procedures for low frequency noise. 
The progr am of the present confe rence contains 4 invited sur-
vey lectures a nd 26 contributed papers, which a r e grouped in 
6 sessions each concerning a specific area. We hope t he con-
ference may c larify some o f the problems, in this way estab-
l i shing a better background for national a nd international 
standards. Thi s would give the governments a tool for pro tec-
ting the public against excessive low frequency exposure. 
Henrik M¢l ler and Per Rubak 
Editors 
on behalf of the Progr am Committee 
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THE OCCURRENCE, MEASUREMENT AND ANALYSIS OF LON FR~lJENCY NOISE 
H. G. LEVENTHALL, CHELSEA COLLIDE, UNIVERSITY OF LONDON, 
PULTON PLACE , LONDON, SW6 5PR. 
Summary Problems encountered in the measurement and analysis of low 
f r equency noise are discussed , including the performance of conventional 
instrumenation at the lower end or below the normal limits of its range. 
Examples ar e given of the occurrence of low frequency noise from a 
variety of sources. 
Detection and Measurement of Low Freguency Noise 
Instrumentation which i s currently available makes the detection, 
r ecording and analysis of low frequency noise a relatively simple 
matter . However, this equipment may be very expensive and it is 
possible to continue to use some of the less sophisticated techniques 
which were employed before t he development of modern equipment . It is 
notable that the stimulus towards the development of low frequency 
acoustic monitoring equipment came from the interest in sonic boom 
about 10 years ago, not through a general interest in low frequency 
nois e . 
Detection of Low Freguency Noise 
Early designs of special microphone dealt with the infrasonic range anrl 
were , in general, of limited use in the lower audio frequency range. 
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The microphones i ncluded: 
a) Co.ndenser Microvhone ( 1) The microphone diaphragm was enclosed in 
a cavity, external pressure fluctuations being passed through a needle 
valve which gave a controlled leakage rate into the cavity. A second 
needle valve to the rear of the diaphragm controlled the pressure 
equalisation rate, thus selecting a band of frequencies. Frequencies 
less than about 1 Hz were passed without attenuation whilst the pressure 
equalisation leakage was much slower, to permit the detection of fre-
quencies below 1 Hz, but to give equalisation for atmospheric pressure 
changes. 
b) Moving Coil Microphone (2) An acoustic resonator was incorporated 
into the microohone in order to raise the low frequency response . The 
response of the microphone was typically from abou t 6 Hz to 100 Hz. 
c) Ootical Detector (3) A large cylinder (volume 120 litres) was 
c l osed at one end with a rubber diaphragm to which a small mirror was 
attached at the centre. Movement of the diaphragm was detected by light 
reflected from the mirror through a screen in which the opacity was 
dependent on its length, before falling on to a photocell. The useful 
range was from about 0 .1 Hz t o 40 Hz. 
d) Solion Infrasonic Microphone (4) An electrolytic solution was con-
tained by flexible diaphragms and differential pressure fluctuations 
cause flow of the electrolyte. This was converted t o a fluctuating 
electrical output. The frequency range was from 0 . 0001 Hz to 30 Hz. 
e ) Thermistor Microphone (5) Air flow over a thermistor bead carrying 
a steady current causes cooling of the bead and a change in resistance, 
which may be detected by connecting the thermistor in a bridge circuit. 
Rectification was avoided by using a s econd thermistor adjacent to the 
f irst so that it was warmed by the heat lost from the first one, thus 
ensuring that the bridge output changed polarity a s the air flow 
direction changed. The frequency range was from about 0 . 001 Hz to 22 H?. . 
The microphones described above are not suitable for the f ull range from 
about 10 Hz to 150 Hz which might be involved in a study of low frequency 
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noise in towns and industry. However , more conventional microphones ·"'r" 
also available . 
~iezo-electric Microphone The low frequency limit of a microphone 
employing a diaphragm depends on the pressure equalisation hole connec-
ting the rear of the diaphragm to the atmosphere . If this hole is 
blocked or omitted, and the capsule sealed, the dia~hragm will , i deally , 
respond to static pressure changes. The diaphragm deflection is trans-
mitted to the sensing element which may not be able to maintain its 
response down to very low frequencies because of charge leakage through 
external resistance or, in the l imiting case, through the leakage resis-
tance of the element itself , during the fluctuation of the incident 
pressure. A piezo-electric microphone has been adapted to operate down 
to 0.1 Hz (6) . AB and K 4117 microphone, which normally has a lower 
limit of 3 Hz, was modified by blocking the equalisation hole and using 
a high input imPedance amplifier in the first s tage of signal amplifi-
cation. Residual air leakage limited the acoustic low frequency cut- off 
to 0.1 Hz. The electrical low frequency cut-off, f, was obtained from 
the microphone capacitance (40o0 pF) and amplifier input resistance 
(109 0) using 2rrf.RC = 1. Hence f = 2rr~ = 0.04 Hz giving the f requency 
at which the electrical response of the system is 3 dB down. The Pons 
type MIF70 is a piezo-electric microphone specially designed for infra-
sound. It has a diameter of 330 mm and an upper frequency limit of 20 Hz. 
Condenser Microphones The condenser microphone may be used in a similar 
manner to t he piezo-electric microphone described above. However, since 
the capacitance of a condenser microphone is much lower than that of the 
piezo-electric (say, 6o pF compared with 4000 pF) , the lower frequency 
limit might be determined electrically rather than acoustically. For 
example , a microphone of capacitanc e 6o pF used with a.n amplifier having 
input resistance of 109 0 has a lower limit of about 2 .5 Hz due to the 
time constant of the electrical system , even though the microphone 
acoustic cut-off frequency may be lower . A condenser microphone also 
lends itself to use in a high frequency tuned circu it, or balanced 
bridge system, operating i n the megahertz region. Diaphragm movement 
in the tuned circuit causes a frequency modulation which is subsequently 
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demodulated to regain the low frequency. Diaphragm movement in the 
balanced b~idge causes an amolitude var iation of the high frequency 
which is detected to ~ive the original waveform. Commercial frequency 
modulation systems are available, e . g . the B and K Type ?631 carrier 
system with either one inch or half inch microphones, and the Ser.nheiser 
MK'.f-1 10- 1. These microphones r esponcl over the audio as well as the 
infrasonic region . 
M icroohone Calibration 
It is desirable to calibrate a microphone in the range in which it is 
t o be use~ . ~onventional 1000 Hz piezo-electric calibrators or 250 Hz 
pistonphones lie outside this range. The pistonphone may be run at low 
speed by reducing the motor voltage. However, although the oea~ dis-
nlacement remains unchanged, errors may occur at lower frequencies when 
heat loss to the walls of the pistonphone causes a reduction of pressur0 
durin~ the oeriod of the diaphragm displacemen t . The error begins to 
become apoarent when the oressure changes are turning from ad iabatic 
t o isothermal and has maximum value of about 3 dB . The effect , which 
is minimized by using a large volume compared with the surface area of 
the pistonphone cavity , depends on the ratio of volume to surface area 
of the cavity and inversely on the square root of frequency . 
An alternative method of calibration emoloys a piston driven by a con-
stant force , instead of with constant disnlacement. The driving force 
is obtained from an electro-magnetic vibrator fed with constant current . 
The air cavity is small in order to ensure that t he overall stiffness 
of the system is due to the enclosed air and not the vibrator suspension. 
Then , if the pressure drops due to heat conduction a t low frequencies , 
the constant force maintains the required level. 
Recording of Low Freguency Noise 
It is not always poss i ble to carry analysing equipment to the site of a 
low frequency noise and tape recording is necessary. A wide range of 
multi-channel frequency modulation recorders is available , giving a 
response down to zero frequency . However, these are very expensive. 
It is oossible to modify a conventional direct tape recorder to cover 
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the low frequen cy range by using an external frequency mo:lulation unit . 
The design of such units i s fairly simple since the basic elements 
required are available as integrated circuits . We have found that a 
voltage to frequency converter set at about 6 KHz gives a good response 
up to about 450 Hz when the voltage controlled frequency modulation is 
replayed through a frequency to voltage converter. The system is illus-
trated in Fig. 1 which also shows a typical frequency respons e. A high 
impedance input amplifier following the microphone ensures a good low 
frequency response whilst the low pass filter removes higher frequencies 
which may cause overloading . The frequency modulated output consists of 
rectangular pulses which are recorded on the taoe. Demodulation restores 
the l ow frequency fluctuations. I f the uni t i s used wi th a two- channel 
(stereo) tape recorder, there is an overlap with the normal audio channe~ 
permitting recording from low infrasonic frequencies throughout the aud io 
frequency range . 
Analysis of Low Freguency Noise 
Recent years have seen considerable development in analyser t echniques. 
There are a variety of low frequency analysers , giving either contigious 
band or narrow band analysis, mostly operating on Fast Fourier Transform 
techniques. These analysers are extremely useful instruments, easy to 
use, giving a clear presentation of results , but are very expensive. 
For example , if one was to combine a low frequency sound level meter 
and commercial FM t ape recorder for fie ld measurements, with an FF'l' 
analyser for laboratory analysis, the cost i s likely to be in t he r egion 
of £12 ,000 to £15 ,000 depending on choice of instruments. 
Analogue analysers fo r l ow frequencies using active filters based on 
operational ampl ifier s , can be constructed fairl y easily and assembled 
to produce a bank of octave - 1/3 octave band filters. However , a 1/3 
octave filter centred on 10 Hz has a bandwidth of about 2 . 3 Hz and slow 
fluctuat ions in output level will result f rom the analysis of wideband 
noi s e, r equir ing a long averaging t ime to ensure accuracy. The relative 
error is given by e = 1/JBT where B is t he band width and T is th·~ 
averaging time. This shows that if the relative error i s to be 5%, an 
averaging time of about three minutes is required. I t ·is apparent that 
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narrow band analogue analysis at low frequencies can be a very lengthy 
process and digital methods are to be preferred when possible. 
Typical Sources of Low Frequency Noise 
There is no basic difference between sources of low frequency noise and 
sources at higher frequencies . Low frequency noise may be produced by 
pulsating and reciprocating machinery, resonance, turbulence and impulse& 
Low Frequency Noise in Industry 
Low frequency noise i n industry is nroduced by comoressors , combustion 
o rocesses, large vibrating surfaces , etc. A typical compressor noise 
is shown in Fig. 2 , which is also representative of nois e from slow 
sneed engines . There are major peaks of about 110 dB in the ~5 and 
50 Hz bands. An example of combust i on noise is shown in Fig. 3 . Here 
there i s a peak of about 85 dB at 32 Hz. This is orobably due to a 
resonance in the boiler system. Combustion noise in a factory is s hown 
in Fig. 4 . High levels of noise have also been measured from a Tuyere 
Furnace which produced 123 dB at 25 Hz at the charging platform an1 
caused noise annoyance in nearby domestic buildings. A level of 1?0 dB 
at 25 Hz has also been produced by a shaker table in a foundry knockout 
plant . 
Low Freguency Noise in Transport 
Here one is concerned with either the effect of the low frequency noise 
on the occupants of the transport or with the environmental effect . 
There have been several series of measurements of low frequency noise 
in cars and l orries (6) (7) (8) . In gener al, for saloon cars , when all 
windows are closed there is i ncrease of level as the frequency drops, 
largely contributed by turbulence and varying as P oc Va. P is the 
acousti c power in the low frequency range, V is the vehicle speed and 
the exponent a ~3. When the vehicle is travelling et speed with a rear 
window open, t here is a low frequency peak , caused by resonance within 
the vehicle body itself. A typical effect is shown in Fig. 5. The high 
peak may cause distract ion and discomfort for the driver. Low frequency 
noise in commercial vehicles is often of broader peak and accompanied by 
consider able vibration . Buses are also a source of l ow frequency noise 
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(9) . Fig. 6 shows the noise produced as a bus pulls away from standing. 
There is a high peak at the firing frequenc:.; within 63 llz bane!, which is 
tyoical of heavy vehicles. Noise from a bus external to and internal to 
a house is shown in Fig. 7. The bus was travelling at apnroximately 
50 km an hour and produced a peak in the 10 to 20 Hz region . The 
external noise is modified by the building structure to g ive a more 
unbalanced spectrum which migh result in vibrations of lightweight 
elements of the building. 
Low frequency noise in trains is a problem more for the driver than for 
the passengers and concern has been expressed on the effects of diesel 
engine noise on the fatigue and vigilance of train drivers. Levels in 
excess of 100 dB have been measured uo to about 100 Hz depending on wind 
conditions and speed (10). 
Ships' engines are a strong source of low frequency noise. The noise 
in the engine room of a cross-channel ferry and the noise in a cabin is 
shown in Fig. 8. These snectra are typical of noise in diesel engine 
ships. There are high levels produced at the engine frequencies resul-
ting in uncomfortable acoustic conditions in the areas of accommodation 
as well as on the bridge. In the ferry shown in Fig. 8, the levels on 
the br idge were very similar to those in the cabin, there being a pro-
nounced peak a t 20 Hz. 
Low frequency noise in air transnort is usually masked by the higher 
frequencie~ except for heliconters which have peaks at the blade 
rotation frequencies. Fig. 9 shows the noise inside two small heli-
copters . Low frequency noise from jet engined aircraft falls off 
rapidly below the peak i n the turbulence spectrum. Larger engines 
are resulting in lower peak f requencies. For example, the take-off 
noise of a B707 has a broad peak at about 16o Hz whilst a Tri~tar has 
the peak centred at about 100 Hz. Tt is unlikely that engines will 
increase in s i ze sufficiently to reduce the peak to infrasonic fre-
quencies, although this does occur with laree rocket e~gines. 
Environmental Low Frequency Noise 
Environmental low frequency noise results from a numbt·• of sources, so .... 
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of which may be difficul t totrace. Any of the sour ces described above 
produce noise in the external environment . A stream of traffic results 
in high levels of low frequency noise. Fig. 10 shows the levels outside 
and i ns ide a double-glazed house alongside a busy r oad . The peak a t 
63 Hz i s expected from a predominance of heavy vehicl es, although the 
peak may change to the 125 Hz band for fast flowing t raffic . 
Ventilation noise may also be a problem i n the l ow frequency region. 
Fig. 11 gives the no ise produced by the extract sys t em of a poultry 
house at nearby residences. There were two fans runni ng at slightly 
different frequencies g i ving a double peak in the spectrum at about 6o Hz 
and harmonics. The resulting beat between the two frequencies was a 
particularly annoying characteristic of the noise. Fig. 12 shows ven-
tilation system noise in a hospita l ward. There is a complicated spec-
trum produced by generator room noise and ventilation noise but the peak 
of 75 dB a t about 60 Hz was traced to the ventilat ion system. There was 
a level of 90 dB in the adjacent to ilet which was being ventilated. 
There i s also low frequency noise in i solated parts of the country- side. 
This may be due to distant industrial, traffic or other sources, or to 
wind and other meteorological conditions. The noise normally fluctuates 
in level. Fig. 13 is a s tatistical analysis of noise in a very qui et 
coun t ry location. There were birds and farm animals in the vicinity, 
but if the L90 level is taken as background, it is s een that there is a 
peak i n the region of 10 Hz, although this is well below the threshold 
of aud ibi lity. In other circumstances, particul arly nearer to industrial 
areas , the low f requency levels may be higher and the average levels 
reach the region of the normal threshold (11). 
Conclusion 
It has been shown that there are a large number of low frequency noise 
sources. Many sources which have conventionally been considered only in 
the audio frequency range produce high levels at low f requencies . 
Additionally, there are other sources whose energy lies predominantly 
in the low frequency region. The dBA measurement which is often taken, 
obscures the full extent of l ow frequency noise . It is not uncommon to 
find that the dBC or linear reading of a sound level meter is 20 dB 
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greater than t he dDA read ing , thus indicating a high low f requency 
content . A co!'rnarison o~ dBA and dBC is a quick way of asse.qsi!lg the 
low f requency element of a noise , and the ear should also be included , 
since careful listening is often the simplest way to detect sign ificR.nt 
low frequency no i se . 
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Henrik M011er and Per Rubak 
A short i ntroduction to psychophysics is given . Various 
psychoacoustic procedures are described and discussed . Some 
of the considerations which must be taken into account 
during planning and performing of psychoacoustic measure-
ments are given . 
1. INTRODUCTION 
Prior to evaluating data concerning human response to sound, 
it is nessesary to understand the methods used to obtain 
these data . If the methods are inappropriate or if they are 
used incorrectly, then the data might reflect only what an 
observer happened to respond to the sound-stimulus . Also it 
is worth to be aware of the uncontrolled factors associated 
with psychoacoustic testi ng . 
1 . 1 Psychophysics 
In psychophysics the observer is looked upon r a black box 
See fig. 1. The obser ve r is presented for the · timulus -
Proceedings of the Conference on Low Frequency Noise an".1 Hearing 
7-9 May 1980 in Aalborg, Denmark 
32 
sound e.g . , and the observer's response to the stimulus is 
the resul t of the measurement. 
Sti mulus Bl ac k 
Box 
Respo~se 
fig. 1 
Schematic illustration of a 
psychophysical measurement 
By repeating this measurement with various values of the 
physical stimulus i~ is possible to find relationsships be-
tween stimulus and response. The psychophysical measurement 
methods dealt with in this paper imply an act i ve response 
from the observer e.g. pressing a button, saying "yes" or 
"no", writing on a piece of paper etc. Passive methods such 
as recording of nervepotentials from the bra in, measuring 
heart rate or skin resistance etc . lies outside the limits 
of this paper. 
References [l) and [2] are useful books within the field of 
psychophysics. 
1.2 The Psychometric Function 
Assume that we want to determine the threshold of a sound -
a pure tone for instance. This might be done by presenting 
the tone at various l evels to the observer. The observer i s 
instructed to respond "yes" when he can hear the tone and 
"no" when the tone is inaudi ble. If this is done many times 
with the l evels ranging from well above threshold to well 
below threshold a psychomet ric function as shown in fig. 2 
may be constructed. 
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fig. 2 
A typica l psychometric function 
Often the psychometric function is represented by a cumula-
tive normal distribution. The function may be interpreted 
as the probability of getting "yes" response ~s function of 
the level of the tone. The threshold may then be defin~d as 
the level at which a posi tive response is equally likely as 
a negative reponse, the soi point. 
It must be noted that other definitions of the threshold are 
possible, e.g. the l evel corresponding to 75 % "yes" respon-
ses may be chased by an investigator as his definition of 
the t hreshold . 
Although the psychometric functi on has been expla ined by a 
threshold measurement, t his fun c tion is also used in connec-
tion with other psychophys ical measures . In a loundness 
i.,.1lance test , e . g . the function will represent the probabi -
lity of getting a "loude r " response as function of the leve l 
of the variable stimulus. The level corresponding to t he 50~ 
point is then l abelled : point of subjective equality, PSE. 
1.3 Observer Sensitivity and Ilias 
Assume that two observers took part in the above mentioned 
threshold measurement and t hat their thresholds (defiPed as 
t he 50% point) deviated with 5 dB from one e t,er . Is it 
t he n possible to conclude that the sensitivi · of one of thp 
observers is 5 dB better than that cf the ot ·r? Unfortu-
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nately this is not the case . Only if the observers inter p r e ts 
the instruction in exactly the same way their sensiti vity 
will deviate by 5 dB . 
I f t he observers ' criterions a r e differ ent the result wil l 
be a combination of sensitivi t y and bias. One may respond 
on every soft sound that is barely audible , whereas the 
other responds only when he is quite sure that he can hear 
the ton e . This is difference s in criterio n and thus in bias. 
Al t hough the cri ter ion is highly influenced by the instruc-
t i on given to the observer , it i s usua l ly not possible to 
control the observers ' criterions. 
2 . DISCRIMINATI ON PROCEDURES 
Th ese procedure s are used to determine absolute thresholds 
or dif f erential thresholds (just notic able differ ences , JND) 
and to perform balance tes t s. 
2 . 1 Classical Methods 
The class i cal methods a r e e xplained in t he fo l lowing by 
mea ns of a thre shold de t erminati on exampl e, but t hey ma y 
of course be used also for other purposes. 
Method of limi t s comprises descendin g and ascendin g series. 
The level of the stimulus i s successively decreased (de-
s c e n ding series) until the l imit is reache d where the obser-
ver is unable to hear the sti mulus. In ascending series the 
level is successi vely increased t o the limit where the ob-
ser ver reports that he again can hear t h e stimu l us. By re-
peating this proc e dure a n umber of limi ts is obtai ned. The 
t hreshol d may be compu ted as the average of all the l imits. 
The Bekesy audi ometer is a var i ant of the method of limits. 
Method of adjustment implies that the o b server is equipped 
with a device which can cont ro l the var iable stimulus . The 
observer may the n be instruc t ed to var y t he stimul us un t i l 
i t is jus t barely audible (= t hreshold) . This met hod i s 
ofte n used with a bracketi ng technique where the obser ver 
t urns the level up and down around the t hreshold makin g t h e 
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var i a tions smaller and s maller and thus enc i rc l e the thre-
shold. 
General l y t he me t hod suffer f rom the overadjus t ment effect , 
L2] , [3] , and also the physical properties of t he regulating 
device may give some bias in the result [2], [ 4] . The main 
advantage of this method is that it is fast and simple. 
Methods of constant stimul i. The experimenter chooses a range 
of levels within which he suppose the observer ' s threshold 
to be. The levels are equally distributed within the range 
and all levels are presente d a certain number of times . Fig . 
3 shows an example of a cons t ant stimuli experiment. 
CD i' + + 
"C + + + 
10 + + + 
..J 6 + + w 6 + > 
w 
' ..J 
1 2 5· ·10 15 20 C') 
TRIAL NO. 
fig. 3 
Example of the method of constant st i muli 
The l eve ls are presented i n random order . At the end of the 
measurer.1ent the number of posit i.ve responses is counted for 
each level . From these counts the psychomet ric function may 
b~ found as shown in fig . 3 . 
In the example 3 replications per level is used , but this 
may be increased yielding a better determinati on of the psy-
chometric function. On the o ther hand this wi ll increase the 
measuring t ime with the risk of tiring the observer. The same 
considerati ons must be taken into account i f the number of 
levels is increased. 
It is important that the range of levels is v. :- "nough to 
cover both extremes of the psychometric func t 1n. As the 
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range i s a compromise among number of levels , step s ize 
(resolution) and measuring time , this r ange wi ll seldom cover 
both extremes for a ll observers. Thus for each observer the 
range must be shi f ted up or down according to the result of 
a few pilot measurements i n the begi nning - the experimenter 
must guess where the final threshold wil l be and place the 
range symmetrically a r ound this expected threshold. In thi s 
way the experimenter may i nfluence the result . I f the r a nge 
has been misplaced a little, a so- called adaption l e vel bias 
may occur. 
This b ias is s een as a tendency of the observer to draw his 
5 0% point to t he midpoint of the range. 
All t hese classical metho d s suffer from the general c r iterion 
p r oblem . 
2 . 2 Adaptive Methods 
In adaptive psychophysica l methods the va l ue of the variable 
stimulus is changed from trial to trial depending on the 
prev ious r espon ses from the o b server . One of t he main advan-
tages of these methods is the ab ility to con centrate presen-
ations wi thin the r ange of most i nterest. The method of li-
mits and the Bekesy variant are essentially adaptive methods. 
I n the adaptive method s t h e leve l is changed in accordance 
with rules which can be more or less complex. As some of 
these ru l es are d i ff i cult - or impossible - to manage by 
hand, the existence of computers has made it possible to 
implement a nd test several of t he adaptive methods. 
Up-down methods a re excellent explained i n ref . [5 ) a n d l6J. 
The simple up-down p rocedu re may be expl ained by an example: 
determination of the threshold of a sound . If the sound is 
audible (positive response) , the level of the s ound will be 
decreased by a fixed value, the step size . The leve l is de-
creased one step as long as positive reponses are r ece ived . 
When a negative r e spon se i s received the l evel for t he next 
trial i s increased o ne step. This i s continued until a pos i-
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tive reponse is obtained and so on . Fig. 4 shows an example 
of data from a simple up- down procedure. 
al + + 
"C 
't + + 
+ + + 
ell + > 
ell 
..J 
t 2 3 4 5 6 7 8 9 10 15 20 
Trial no . 
fig . 4 
Typical result of a simple up-down procedure 
The result of the measurement - the threshold - is deter-
mined by the mean of the reve r sals. Theoretically this will 
be the level which yields 50% positive responses. 
If the step size i s too big, an imprecise determination of 
the threshold will result as successive presentations are 
like ly to shift from above threshold to below threshold . 
If the step size is choosed very small , many trials are nee-
ded in order to get some r e versals. This may tire the obser-
ver and an unwanted influence on the result may occur . 
If other points than the 50% point are looked for the trans-
formed up-down methods can be used . In the transformed me-
thods the r1:1les for increasing and decreasing levels depend 
on specific sequences of responses . The rule could for exam-
ple be: increase the level after a negative reponse (- ) and 
after a positive followed by a negative (+-); decrease the 
l evel after 2 posi tive responses (++). This rule will lead 
to the 70.7 % level instead of the 50% level. 
Another rule is: increase the level after any nroups of 4 
responses with 1 or more negative responses; 
l e vel after 4 positive r e sponses . This rule , 
the BUDTIF-procedure, ref. [7 J and will lead 
Proceedings of the Conference on Low Frequenc 1 Noise a·. 
7-9 May 1980 in Aalborg, Denmark 
rrcase the 
typical for 
0 a 84 . 1% 
Hearing 
38 
level. 
Method of maximum likelihood. Another adaptive method is the 
method of maximum like lihood , MML, ref. [8] 
In this method the most likely psychometric function is esti-
mated after each new response from the observer. 
-.., ....... 
> I 
- I 
.c I 
~ I 
.c 
0 I 
.... 
Q. 
't 
--
+ +-µ + - -T T-
Level of variable stimulus 
fig. 5 
Psychometric function in the }!ML-procedure 
Imagine that the positive (+) and negative responses (-) 
shown in fig . 5 have been obtained. The like l ihood of the 
psychometric function shown in the figure is then found by 
computing t he product of all the reading s from the solid 
curve (positive responses ) and all the readings from the 
dashed curve (negative responses). By means of an iterative 
procedure the psychometric function is then shifted along 
the absc i ssa and also the s t andard deviation (o ) is varied 
until the most likely combination of µ and o is found. 
As the result of the estimation must be fi nished shortly af-
ter the observer's respons e a computer is needed to perform 
the calculations. 
The next pre sentation level i s randomly placed 1 standard 
deviation up- or down from the µ value. This randomisation 
seperates the MML from other adaptive methods as the next 
presentation in these methods depends systematically on the 
previous responses. 
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In a s imple model shown in fi g . 5 only two r esponse cate-
gori e s (+ a nd -} are allo wed . I f an equal res ponse (= ) is 
allowed - e . g . i n a loudnes s balance tes t - a more elaborate 
model , which takes thi s response category into account, is 
needed. 
2.3 Theory of Signal Detection 
A modern d i scr imination procedure, theory of signal detection 
(TSD} has been widely used i n resent years . The TSD procedure 
is simi lar t o the method o f Constant Sti mul i, but in the TSD 
method it is possible to separate the observer ' s sensitivity 
from the observer's response bias . This very important faci -
lity is not present in the classical methods . Introductions 
to the TSD procedure may be found in ref . [l] and [9J . 
Assume that an observer is given 100 trials. In half of the 
trials a t one near threshold is presented and in the other 
half no t h i ng is presented . The observer res ponds after each 
trial by sayi ng "Yes, I heard a tone" or "No , I heard no-
thing". Now four situations are possible usual ly known as 
hit , miss, fa l se alarm and correct r ejection, see fig. 6 . 
Signal 
Present 
Absent 
Res pons. 
Yes No 
Hit Miss 
30 2 0 
False Correct 
alarm rejection 
10 40 
40 6 0 
fig . 6 
Stimulus- response t able 
Tria ls 
50 
50 
100 
An example is shown where the observ~r 
responded YES 40 times and NO 60 ti" 
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If the exper iment is repeated with the t o n e increased i n 
level, it must be expected that t he p ercentage of "hit" wi ll 
i n crea se as it is easier for the observer to hear the tone. 
Likewise the proportion of false alarm will decrease . 
On the other hand the level of the tone may be kept constant 
and the bias of the observer changed . In t he first run the 
observer may be told to say YES only when he is absol utely 
sure that he heard the tone. In the next run h e may b e told 
t o respond YES, even if he is not qu i te sure that he heard 
the tone. This change in the instruc t ion will not make the 
tone more audible, but the percentage of hi t s wi l l increase . 
Also the per centage of false alarms wil l increase from the 
f irst run to the next. 
The proportion of h its and fa lse alarms may be used to ob-
tain points o n a so-called recei ver operating characteri stic, 
or ROC curve. An example of such curves is shown in fig. 7. 
% False Alarm 
f ig . 7 
Examp le of two ROC c urves 
The po int shown is taken f rom 
the exampl e i n fig . 6. 
By changing the observers ' bias , d ifferent points on a sing l e 
ROC curve is obtained . By chang ing the observers' sen s iti vity 
(e . g. by a change in signal l evel ) poi nts o n different ROC 
curvers are obtained . Thus t he ROC c urves make it possible 
to separate bias effects f r om sensitivi t y effects . 
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The sensiti v ity measu re i s o ften given as d'. It may be 
understood as the differ ence between the mean s of the two 
evidenc e distribut ions respectively ari sing from the signal 
+ backgr o und noise and from the background noise a l one. The 
difference is measured in units of the distributi ons stan-
dard devi ation. 
3. SCALI NG PROCEDURES 
Scaling i s concerned with the relations between subjective 
responses to stimuli having some specified physical relation. 
Many scaling procedures are availabl e, ref . (2] and [10), 
but only a few wi l l be mentioned here. 
Pair compari son. In thi s method the observer is presented 
for the stimuli in pairs and is asked to compare the two 
sti muli. Each stimulus in the experiment must be compared 
to each of the other stimul i . This may l ead t o a very time 
consumi ng experimen t. 
Ranking me t hod . The observer may be asked to rank a ( l imited) 
number of stimuli . When many observers are used it is pos-
sible to obtain an average ranking of the stimuli. 
Magnitude estimation . In this method the observer is asked 
to assign numbers to a particul ar attribute (loudness e . g . ) 
of a s t i mulus. Often the observ er is " helped" by a standard 
stimulus which may be g i ven the value 100 . I f the stimulus 
is twice as loud as the reference it is given the value 200 . 
I nterval and r atio judgement . In an interval judgement the 
observer may be presented 3 sounds, A, B, and C , where the 
level of B lies between the level of A and C. The observer 
is asked to adjust leve l B until the subjective interval 
from A to B equals the interval from B to c . I n t he ratio 
judgemen t the observer may be asked to adjust the level of 
a sound until it is e.g. twice as loud as another sound. 
Rating scale methods. In such methods the observer rates the 
stimulus according to a scale given to him beforehand. Many 
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scale principles exist, ref. [ 2J, but on ly two wi ll be men-
tioned her e . 
The graphic scale consi sts of a straight lin~ a t which the 
observer marks his rating of the stimulus . See fig. 8 . 
very 
soft 
soft medium loud 
fig . 8 
Example of a graphic rating scale 
very 
loud 
Many variations o f this procedure exist . The line may be 
v ertical, t he line may be divided into segments, only the 
two extremes at t h e ends of t he line may be given , etc . The 
result of the measurement is found by measuring the distance 
from the one end of the l ine to the o b server 's mark. 
The numerical scale consists of numbers assigned to descrip-
t i ons . Taking the descriptions from f i g. 8 "very soft " may 
be given the numbe r "l" and "very l oud " may be given the num-
ber "5". The observer' s response wi ll then be one of the 
numbers from 1 to 5. Actually the numbers may be omitted and 
the descriptions used directly by the observer , but at the 
end the experimenter wi ll use the numbers for calculations. 
Reference L21 is reconunended for a detailed discussion of 
these methods . 
Task performance method s are used to study the influence 
from a given stimul us on observer's ability to perform dif-
ferent tasks. The t ask could be: problem solving, reaction 
time task , speech intelligibility, t r acking a moving point 
by a pointer etc. For a discussion o f the theories lying 
behind these methods the reader is referred to the littera-
ture Lll]. 
4 . OTHER CONSIDERATIONS 
During planning of experiments within the field of psycho-
acoustics , many considerati ons must be done. Some of them 
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are mentioned in the following. 
4.1 Stimulus Duration 
The duration of the stimulus must b e long enough t o yield a 
stati onary perception . Otherwise the temporal int egration 
in the hearing mechanism must be taken into account . This 
will l e ad to a duration of about 1 sec . If more than one sti-
mulus is presented, e.g. in a loudness balance tes t, the in-
terval be tween them must be kept at at least 500 ms . This 
will reduce the influence from pre- and postmasking to a mi -
nimum. To avoid dif f iculties for the observer in comparing 
the two stimuli this pause should not exeed 1 - 2 sec . 
Measurements of t he t emporal loudness summa t ion in the hear-
ing mechanism have shown that as a very first approximation 
the ear may be assigned a time constant of about 100 ms at 
l eve ls well above threshold, whereas the time constant i n-
creases t o about 200 ms at threshold, ref. (12 ]. It i s ques-
tionable t o what extent the temporal integration is fre-
quency- dependent . Especially for the low frequency r egi on 
information a bout this topic is needed . 
In order t o avoid to tire the observer, relaxing periods 
must be included. By using two observers at a time, it is 
possible to let one be observer 10 - 15 min. whi l e the other 
re lax and vice versa. 
In measurements of annoyance it has been shown that the 
observer ' s responses are ve ry unstable unless the stimulus 
last for a long periode of time, 20 - 30 min . A model for 
loudness and annoyance pe rception suggests that stimuli are 
evaluated in loudness t o begin with , whereafter an annoyance 
evaluation will take over, ref. [ 13 ]. 
4 . 2 Shapening 
It is obvious that the dis t ortion of the stimulus must be 
kept at a minimum . Especial ly at low frequencies distortion 
products may i nterfere with t he measureme nts due to the steep 
slope of the hearing - threshold. I t must also be kept in ~'nd 
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that t he time f uncti on and t he freq uency spectrum of a sti-
mulus are l inked together. A short tone pulse for instance, 
will have a spectrum that is c l early audible d ifferent from 
that of long lasting tone with t he same frequency. Thus fil-
t ers or shapers with controla ble r ise - and fall t imes may be 
used . 
4.3 Experimental Design 
A major part in the planning of an experiment concerns the 
experimenta l design. The s pecific choice of design depends 
strongly on the objectives of the investigation, laboratory 
faci l ities, cost , available time, etc. E.g. the amount of 
randomisation nessesary to ensure unbiased results will i n-
f luence the final design . The experimental design is closely 
related to the stati stics used to evaluate the experimental 
results. 'I'he reader is referred t o one of the many testbooks 
on experimental des i gn , e . g. ref . Ll4 ]. Experiment ers must 
ensure that data fulfil the r e quirements for a specific sta-
tistical analysis. Otherwise such analysis may lead to very 
erroneous conc l usions , ref . [ 15] . It is worth to discuss the 
experimental design with a statistician before the experiment 
is started. 
5 . FINAL REMARK 
It is well-known t hat great variance among observer s must be 
expected in psychoacoustic investigations. It is less well-
known that a l so different laborat or i es performing essentially 
the same investigation may come to different results. This 
wa s a surprising effect of an i nternational investi gation on 
impulsive noi se comprising 21 laboratories all over the world, 
ref . [16]. It has not been possib l e to re fer this "laboratory 
effect" to any errors in experiment al des i gn o r the like . 
Thus it must be expected that there permanently will be 
enough material for discussion among research workers within 
the field of psychoacoustics. 
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TifE EFFECTS OF HIGH LEVEL INFRASOUND 
INTRODUCTION 
DANIEL L. JOHNSON 
Air Force Aerospace Medical Research Laboratory 
Wright- Patterson AFB, Ohio 45433 
This paper will attempt to survey our current knowledge on the effects of rela-
tive high levels of infrasound on humans. While this conference is concerned 
mainly about hearing, some discussion of other physiological effects is 
appropriate. Such discussion also serves to highlight a basic question, "fo 
hearing the main concern of infrasound and low frequency exposure, or is there 
a more sensitive mechanism?". It would be comforting to know that the focal 
point of this conference is indeed the most important concern. 
Therefore, besides hearing loss and auditory threshold of infrasonic and low 
frequency exposure , four other effects will be provided. These are performance, 
respiration, annoyance, and vibration. 
AUDITORY TIIRESHOLD 
A most common misconception about infrasound is that it cannot be heard. A 
glance at the r esults of various investigationsl , 2, 3 summarized in Figure 1 
shows that infrasound can be heard (at least down to 1 Hz). Single frequencies 
of infrasound are not perceived as pure tones. I!lstead they are described as 
more of a chugging or motorboating sound. This leads one t·· the conclus ion 
that what a person really hear s is not a pure tone of infrasoP 1, but instead 
the harmonics generated by the distortion from the middle a I inner ear . 
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Figure 1. Hearing threshold levels for Minimum Audible 
Pressure (MAP), Minimum Audible Field (MAF), and for 
bands of noise , Curve A depicts the threshold of audibility 
due to middle ear distortion. 
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Figure 2. The Harmonics predicted due to middl e ear distortion 
from a 8 Hz tone of 124 dB. 
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In our laboratory, we have investigated the possibility of known non-linearities 
of the middle ear causing infrasound to generate audible distortion. From just 
the middle ear non-linearities described by Kobrak4, we can predict that infra-
sound should be audible by the time the levels reach the curve labeled A in 
Figure 1. For instance, a 8 Hz tone at 124 dB will produce harmonics due to 
the middle earthat lie on the audibility curve5• Figure 2 illustrates this example. 
Now if the audibility of infrasound is due to harmonic distortion, then it should 
be possible to mask the harmonics that are above 20 Hz. This is indeed the 
case. For instance a 7 Hz tone of 120 dB was easily masked in 5 out of 6 sub-
jects if a 110 dB background noise (10-100 Hz) was presented5. A 10 Hz tone 
at 123 dB was detected by 3 of 6 subjects when it was added to the background 
noise shown in Figure 3. Often when analyzing noise in general, noise control 
engineers have blamed some bizarre effects on infrasound just because narrow 
band analysis showed that the highest Sound Pressure Level (SPL) was a narrow 
band in the infrasound region. The point I want to make here is that for most 
noises I'm aware of, it is not the infrasound that causes problems such as 
annoyance, chest vibration, etc., but audible frequencies about 20 Hz which 
are present in the noise. 
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Figure 3. An overlay of both the one-third octave band analysis 
of a 110 dB background noise and a 123 dB 10 Hz tone. Only 
about one-half of the subjects could sense a difference between 
the combination of these noises and the background noise alone. 
It can be noted that harmonic distortion could possibly cause levels of noise at 
higher frequencies that might be responsible for some Temporary Threshold 
Shift (TTS} at higher frequencies. This leads us into the next topic, the effect 
of infrasound on the auditory system. 
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HEARING LOSS 
One of the more possible adverse effects of infrasound is the damage to the hear-
ing organ. For exposures above 140 dB, TTS of the audiometric frequenc ies 
above 125 Hz of humans has been observed6, although the frequencies above 
1000 Hz seem to be the most sensitive. The TTS observed was usually small 
(less than 10 dB) and recotrered rapidly. Figure 4 i s a summary of results of 
various exposures to infrasound and the r esulting TTS6. Recent whole body 
r esponses of 16 subjects to 142 dB at 7Hz for 15 minutes did not show statisti-
cally s ignificant TTS. 
UPOSURf: ELS 
~~1~418 
30 0 140·1•9•8 • • a. ill a 130 -13tde 
;;; 
~2 
=> ;;;:; 
0 120~ 129 d8 
FLUD $YMIKl..S INDICATE 
ntAT-SCllllE TTS OCC\JRRED • 
~ 20 <I» 
~ 
~ 
a:: 15 • • => 
0 
"' ~w <llD a:: <JD <JD ()!) CID => cna 
"' 0 
'lllBl "-
>< 
"' 
2 3 4 5 678910 15 20 30 
FREQUENCY . IN HERTZ 
Figure 4. Conventional display of individual exposures recorded 
in our laboratory in terms of frequency and duration with levels 
as the parameter. Solid symbols indicate that some TTS was 
observed in the range of 125 Hz to 6000 Hz. 
There is al so the possibility of middle ear damage due to ver y intense infra-
sound. At 172 dB, exposures of 1 Hz (60 min), 4 Hz (15 min), and 8 Hz 
(7. 5 min) all produced perforations of the tympanic membrane In chinchillas 
while exposures to 160 dB did not6• Histopathological investigation of the 
temporal bone of chinchillas exposed to such level s indicate major s tructural 
damage in the inner ear. Figure 5, prepared and inte rpreted by Dr. Lim of 
Ohio State University, illustrates such damage 7. Endolymphatic bydrops and 
perforation of the saccular walls were common findings. This experiment has 
been repeated in greater detail and the final r esults will be reported this year. 
However, these structural changes seem to occur even at 160 dB, and the 
threshold of such effects may be as low as 150 dB for the chinchillas. 
The chinchilla is probably more sensitive to infrasound than humans . There 
have been exposures of the auditory system in humans as high as 172 dB for 
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less than 30 sec (1-8 Hz), 160 dB for 1 min (8 Hz) and 155 dB for several 
minutes (7 Hz) . For these short times, no damage to the tympanic membrane 
or middle ear system occurred. However, the chinchilla results do indicate 
the need of caution in exposing humans to extremely intense (greater than 
150 dB) levels of infrasound. This is in keeping with Tonndorf's reported 
scarring of the tympanic membrane of German submarinersB, The exposure 
of men on snorkel subs constituted quite high infrasound eiq>osures for long 
time periods. Unfortunately, the exact exposure level received by the men is 
unknown except that it is estimated to be considerably above 120 dB. It does 
not seem as clear to me as it has earlier, that the middle ear is the most 
sensitive part of the body. Nevertheless the middle ear certainly sets the 
physiological tolerance limit to infrasound due to pain. When we look at pain, 
we see that it is related to mechanical displacement of the middle ear system 
beyond its mechanical limits. Thresholds for pain as determined by Beksey 
and the Benox report9 are summarized in Figure 4. There is some deviation 
in the data, but for the most part this depends on the type of stimulus used and 
interpretation of the sensations identified; the pain threshold, tickle threshold, 
or the touch threshold. Nevertheless, the pain threshold is probably the best 
indicator that we know at this time as to the physiological tolerance limit, 
STRIAL 
SEPARATION 
Figure 5. Structural changes due to exposure of 170 dB at 
8 Hz for 10 min and 30 min exposures to levels of 153 dB 
to 166 dB from 12 to 30 Hz by Dr. Lim 7 
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Also in Figure 6 is a range of the threshold of pressure buildup due to whole 
body exposures. This pressure sensation in the middle ear first starts from 
about 127 to 133 dB and is one of the most consistent findings in our infrasound 
exposures with humans 5, 9, 10. The sensation does not necessarily become 
more intense as the SPL i s raised and has been relieved temporarily by 
valsalvalO, 11, This pressure sensation can be explained in terms of a rectifi-
cation effect caused by the eustachian tube and differs little from what one would 
feel during a 50 or 100 meter altitude change l2. 
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Figure 6. Thresholds of pain, tickle and pressure sensations. 
PERFORMANCE 
From the time Gavreau13 first stated that weak infrasound could affect the 
balance or equilibrium mechanism in the ear, produce fatigue, induce nausea, 
etc., there have been a number of contradictory r esults. Various authors 
have suggested that infrasound can make you drunk 14, 15 and adversely affect 
human performance. Even levels from 105 dB to 120 dB can supposedly affect 
reaction time, and thus are equivalent to a drunken s tate. Nevertheless , the 
experimentation done by Dr. Stan Harris, myself, and others in our laboratory 
during the past 6 years still indicates infrasound below 130 dB should be quite 
innocuous. The work by Borredonl6, who found a 130 dB, 7. 5 Hz infrasound 
stimulus presented for a period of 50 min had negligible affect on human reac-
tion time, also supports this contention. As I presented to the 1973 Paris 
Colluiquium on Infrasound, animal studies conducted in our laboratory yielded 
no results that would suggest any adverse effects at levels below approximately 
160 dBlZ, l 7. Similarly, informal observations of human subjects exposed to 
infrasound suggested levels greater than 160 dB might be necessary to produce 
adverse effects. We then used nystagrnography and a rail test of equilibrium 
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to measure human responses to infrasonic stimulation objectivcly18, 
Nystagmus was not produced at intens ity levels to 155 dB, and decrements in 
r a il task performance were not observed at levels at 140 dB. 
As these experiments did not absolutely prove that cognitive per formance waR 
not degraded, the cognitive performance of 40 subjects was measured by 
Dr. Harris during exposure to infrasound in three experiments19• In experi-
ment 1, 12 subjects performed a serial search task while exposed for 15 min to 
each of four experimental conditions; 65 dB ambient noise, a low-frequency noise 
at 110 dB (see the 110 dB masking noise of Figure 3), a 7 Hz tone at 125 dB plus 
the ambient noise, and the 125 dB tone plus the low frequency noise. The second 
experiment was the same as the first except a Complex Counting Task was used 
and the exposure duration was increased from 15 to 30 min, In the third experi-
ment eight female and eight male subjects were used. The Complex Counting 
Task was again used and the subjects were exposed for 15 min to 110 dB low 
frequency noise alone (see Figure 3) or with low frequency noise and 125 dB tone 
at 7 Hz, 132 dB at 7 Hz, or 142 dB at 7 Hz. 
There were no decrements in performance revealed by analysis of variance in 
any of the three experiments. As with previous studies, there were no spontan-
eous comments from any of the subjects that would indicate they felt "dn:nk. " 
Six subjects reported they were distracted by infrasound at the 142 dB level 
because of pressure in the ear, vibration, or inability to concentrate; however, 
corresponding degradation of performance was not measured for them as a 
group. It seems unlikely that any of these symptoms was caused by a direct 
s timulation of the vestibular system of our subjects, particularly , since there 
were no reports of vertigo, symptoms of motion s ickness, or any illusionary 
movements of the vi sual field. While this experiment wa·s not designed to note 
changes in auditory threshold, there was not statist!c~l difference pre - post 
test thresholds in the normal audiometric range of 500 to 6000 Hz. 
The lack of performance decrements from these experiments again support 
the contention that infrasound criteria proposed in the Paris Colloquium are 
reasonable20. Ther e may be tasks that will show significant changes due to 
infrasound, but we have about given up looking for them. 
RESPIRATION 
One of the first s tudies accomplished by our laboratory was a short range pro-
gram to confirm 140 dB would not jeopardize the mission of the crew of the 
Apollo rocketll. In the infrasound range, exposures of four experienced human 
subjects to discrete frequencies of as high as 151-153 dB were obtained for as 
long as 90 secll. At these levels the subjects could feel the abdominal wall 
and chest wall moving. These sensations increased above 145 dB a nd at the 
150-153 range the limit of voluntary tolerance was reached for the low fre-
quency (above 10 Hz) exposures. This was due to the subject reporting a 
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tickling and choking sensation in the throat, which led to the coughing response. 
The cause of this coughing r eaction is most certainly the result of the oscillat-
ing air movement in the throat due to t.he pressure fluctuation. This air is 
undoubtedly drying the mucous membrane in this area, leading to tickling and 
choking sensations. This pressure oscillation can be increased such that 
infrasound can provide a means of artificial respiration. As I mentioned in the 
Colloquium at Paris, with the anesthetized animals respiration rate decreases 
once a SPL of 166 dB is reached. At 171 to 173 dB, respiration normally 
ceases for the larger dogs 12• 21• The explanation of this phenomenon is that 
air molecules are being exchanged between the ambient air and the lungs of the 
dog since each pressure fluctuation causes a density change of 10%. Thus 
infrasound at 172 dB serves to ventilate artifically the dog's lungs . The fre-
quency range for which I have found this effect is O. 5 to 8 Hz, and it is 
interesting to note that below I Hz the chest is virtually motionless. This 
phenomenon was recently reverified for animals paralized with drugs; however, 
the practical use of this method of artificial respiration has not been developed. 
ANNOYANCE 
From a practical viewpoint, the greatest effect infrasound may have with 
respect to the general health and welfare is via all those many factors that make 
up the annoyance response. I am convinced people in general do not like to hear 
or feel infra sound. However, it is clear that infrasound should not annoy a 
person is it cannot be heard or sensed. Thus, the threshold curves of Yeowart 
should serve as the threshold of any human annoyance. Using this concept, a 
general annoyance criteria has been developed in Figure 7. The most sensitive 
curves of Yeowart are shown in Figure 1. Unfortunately, there are differences 
in the audibility of tones versus bands of noise as well as difference in Minimum 
Audible Pressure and Minimum Audible Field. Thus Figure 7 has a cross 
hatched range in which the infrasound may first be audible. 
In keeping with the U.S. Environmental Protection Agency's suggested yearly 
Ldn of 55 dB as the value for audible sounds r equired to protect public health 
and welfare, it should be appropriate to equate the corresponding loudness 
curves for the Ldn of 55 dB to the loudness of infrasound. Whittle22 et al, 
have the necessary loudness curves and the 45 phon curve (which is roughly 
approximate to an Ldn of 55) is estimated from their data. This is al so 
drawn in Figure 7 for SPLs less than 120 dB. Note that there is relatively 
little difference between the threshold curves and the 45 phon equal loudness 
curve. This illustrates the fact, unlike noises in the 100 to 1000 Hz range, 
the effects of infrasound can go from absolutely nothing to quite severe with 
relatively little change in Sound Pressure Level. 
However, there are other important factors which should serve as a rationale 
for limiting exposure of uncontrolled population to levels above 120 dB. The 
main consideration i s with r espect to the annoying rattling of buildings or 
even damage to such structures . It is interesting to note that around Cape 
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Kennedy, 120 dB was used as the upper limit for short term exposures of 
people or communites in the vicinity of the large rocket launch s ites23. After 
18 year s of experience, this level seems to still be valid. Another reason for 
choosing 120 dB as the upper limit is the phenomenon of the middle ear 
pressure. The 120 dB value provides a 7 dB cushion against this disturbing 
phenomenon. 
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Figure 7. various criteria proposed for infrasound exposure. 
Curve A first presented at Colloquium on Infrasound, Paris 
In a recent CHABA publication, "Guidelines for Environmental Impact 
Statements, .. 24 the infrasound limits for uncontrolled populations for 1 min or 
less was suggested as: 
less than 120 dB . 0.1 Hz to 5 Hz 
less than 120 dB - 30 log § 5.0 Hz to 20 Hz 
These levels are reduced by (10 log t) dB, where t is the total lime and is be-
tween 1 and 100 minutes. Exposures longer than 100 min should use the 100 
min limit, In other words , exposures 20 dB less than the 1 min criteria should 
be regarded as having no impact, regardless of exposure time, The 20 dB 
down point, incidently, basically insures that the infrasound is inaudible. 
One practical method for r educing the annoyance due to infrasound was first 
suggested by Gavreau l3, and later by Westtn25 Gavreau reported relief of 
the problems of infrasound was gained by masking the infrasound with high 
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intensity sound such as music. This strategy certainly is in keeping with our 
experience that infrasound can he easily masked by higher frequency sounds. 
In fact, Figure 2 is a good example of such a strategy. Of course, care is 
required in order to insure the "cure is not worse than the bite." 
VIBRATION FROM INFRASOUND 
There are some definite similarities between whole body infrasound exposure 
and vibration eiqiosure in that for both exposures it is the compressible air 
spaces which deter mine the resonances of the body. Although the force acts on 
all the body masses when sitting on a vibrating surface, it is the action of the 
abdominal mass, which moves in and out of the rib cage compressing the air in 
the lungs, which causes tolerance limiting resonance at 4 - 8 Hz23. Infrasound, 
because of the long wave length versus body size, acts uniformally on the whole 
body. Displacement of tissue primarily occurs if air is displaced or compres-
sed, and the main air enclosures of importance in the body are the lungs and the 
middle ear. Low frequency s ound and infrasound will act simultaneously on the 
abdomen, chest walls , and mouth, all of which will affect the lungs. This 
uniform pressure will cause the system to act much stiffer than if the stimulus 
is unidirectional vibration. This is why the main thorax/abdominal resonances 
to sound are in the 40 to 60 Hz range23• Such resonances have been measured 
by Leventhan26 at Sound Pressure Levels as low as 105 dB, and if anyone sees 
the movie "Earthquake" (the Sound Pressure Level was measured as high as 
120 dB in the 60 - 100 Hz region). The effect of such r esonances are quite 
obvious. I would emphasize, however, that such resonances at these relative 
low sound pressure levels are in the low frequency range above 20 Hz , not in 
the infrasound range. Our experiments do indicate subjects do sense vibration 
of the abdomen or chest once .f8e i~rasound level s r each 132 dB or above in the 
frequency range of 4 to 20 Hz • 1 • Interestingly, none of the four subjects 
exposed to 144 dB at 2 Hz or 1 Hz sensed any vibration. 
CONCLUSIONS 
This review emphasized those facts which, in my view, were the most pertinent, 
Fortunately, the present s tate of knowledge is more extensive than can be writ-
ten in a few pages. The reader should he aware of other review articles, the 
better of which are the chapters of van Gierke and Parker, one of which is in a 
recent book on infr%ound edited by Tempest27 and the other in the Ha~dbook of 
Sensory Physiology • A review of the exaggerations of the effects of rnfra-
sound is P:fgvided by reference 29 while Westin provides a somewhat different 
viewpoint • A short summary of the effects of infrasound is shown in Table 1. 
Returning to the initial question concerning the importance of hearing loss from 
infrasound, the answer is a qualified yes. The auditory system does appear to 
be the most sensitive system with respect to direct physiological damage. 
Curve A of Figure 7 still seems reasonable, although I expect there is a moder-
ate safety factor in this curve. However, exposures high enough to threaten 
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the auditory system are somewhat r are. From the practical viev;po int, 
therefore, a1U1oyance is the main factor that dictates permissible levels of 
infrasonic exposure. Unfortunately , little work has been accomplished on this 
problem. Our laboratory is continuing r~search on the effects of infrasound on 
hearing in tbe 150 dB to 170 dB range. I know of no one actively pursuing the 
annoyance-question, In ·my opinion, <annoyance prO!Vides une of the more 
timely research -topics for infrasound. 
AUDITORY THRESHOLD . • Infrasound is audible down to 2 Hz, 
but loses tonal quality at 16 Hz. Infra-
sound is easily masked by low 
frequency noise. 
HEARING LOSS • • • • • • • • A small amount of TTS has occurred 
for exposures longer than 20 min, but 
generally a level b elow 150 dB is not 
expected to produce adverse r esults 
if exposure duration is les s than 
PERFORMANCE. 
30 min. 
The threshold level of performance 
decrements has not been reached. No 
decrements, except for speech inter-
ference , have been found at levels 
below 142 dB. 
RESPffiA TION • • • • • • • • Definite effect once 166 dB is r eached. 
Artificial r espiration can occur for 
.5 Hz - 8 Hz once 172-173 DB is 
r eached. 
ANNOYANCE • • • • • • • • • A definite problem. The threshold is 
probably the same level as the 
threshold of audibility. 
VIBRATION, , ••• , • 
WHOLE BODY EFFECTS • 
Approximately 132 dB from 4-20 Hz. 
Start notic ing adverse subjective 
effects past 150 dB. Tolerance limit 
not reached. Middle ear pressure 
buildup starts at 130 dB as well as 
voice communication modulation. 
Table 1. Summary of thresholds where various effects s hould 
occur. 
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This paper is a compilation of AMRL-TR-76-17, AMRL-TR-77-51 , and 
Research Memo, "Exposure of Four Chinchillas to Infrasound." 
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ABSTRACT - The physiological effects of infrasound are considered 
from a very general point of view. The technical and methodological 
difficul ties met in the study of these effects on man are underlined. 
The effects of infrasound on perfonnance are discussed . 
f - INTRODUCTION 
lt is somewhat pretentious to try and describe in l ess than 
one hour the physiological effects of infrasound encountered in our 
usual environment. Two questions must be raised right away. 
1 - Are there working places, leisure, or rest facilities, etc. 
where we are exposed to infrasound ? 
2 - Are t he encountered infrasound levels significant compared to 
the physiopathological effects which can reasonably be ascribed 
to infrasound ? 
It is relatively easy to answer the first question as the 
literature abunds in data (1, 5, 7, 12, 13), and I ~elieve Profes sor 
LEVENTHALL will 9ive us va l uable precisions in this area. In a first 
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chapter of general considerations, after a review of a few definitions, 
I would say that there are more and more circumstances where man in our 
industrial society is exposed to infrasound. 
It is, however, more difficult to answer the second question. 
As far as physiopathological effects ascribed to infrasound are 
concerned, it is a striking fact - as remarked by HARRIS, SOMMER and 
JOHNSON (9) - that scientific publications often use the style of 
tabloid literature. While enumerating the various effects (evidenced 
and presumable) of air transmitted mechanical vibrations on t he human 
body, I will recall how difficult it was - even in the field of sound -
to develop, on an i nternational level, the protection standards to be 
applied in ~/Ork or rest environments. I 1~ill then explain why it is so 
difficult to study the effects on man of such an environmen t factor as 
infrasound , on the one hand because of the tech..Ucal. d<.66~cu.lt<.e1.> 
inherent to its s imulation in a laboratory and, on the other hand , 
because of the methodolog~cal. d<.66~cu.lt<.eo which must be mastered when 
one wants to study the effects on man of one of the multiple physical 
factors making up his environment. 
I I - GENERAL CONSIDERATIONS 
The term "infrasound" describes air transmitted mechanical 
vibrations with a frequency belo~1 20 Hz. The vibrating material system 
is the gas molecule which osci l lates within an ela st ic medium, t he air. 
Each vibrating molecule transmits its vibrational energy to the 
neighboring molecules and the phenomenon is globally expressed as a 
function of time t, by a change in pressure 6P (t) around the environning 
pressure, i.e . most often the atmospheric pressure Psz· At each i nstant, 
the pressure in one point is expressed by the rel ation : 
P (t) = PBZ + 6P ( t). (1) 
The pressure wave propagates through the air at a certain speed, 
velocity C. The velocity only depends on the considered environment ; it 
is independent of the frequency. The propaga tion speed of the infrasound 
pressure wave is therefore identical to the velocity of sound in the ai r 
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at 20° C, i.e. approximately 340 m/sec. 
The human body is provided wi th an air pressure differenti al 
transducer : the ear. This transducer is sensiti ve to ~P (t) in equation 
(1). It i s i nteres ti ng to note that its pass-band is t he criterion which 
was used to define the sound vibrati ons at frequencies ranging from 20 to 
20 ,OOOHz, the ultrasound with a frequency exceeding 20 kHz and the 
infrasound with a frequency 10~1er than 20 Hz. 
Aer ial mechanical vibrati ons may be sustained or not. Non 
sus tained or transient vibrations generally correspond to a large 
amplitude movement and the phenomenon only consi sts in a significant 
pressure variation wave which is rap idly dampened. Examples are given 
by sonic booms or fire arms. In the case of a sonic boom ~1here the 
"N"-shaped wave lasts approximately 100 msec (fighter aircraft) to 
300 msec (supersonic transport aircraft), the first tenns of the Fourier 
spectrum are very significant and the infrasound spectrum components 
contain most of the energy. However, if the ultrasound is rapidly 
absorbed while propagating in the air, the same does not apply to low 
pitched sounds nor, a fortioY'1: , to infrasound. Finally, at a great 
distance, the only persisting components of the spectrum are the 
i nfrasound. 
As far as sustained vibrations are concerned, it is known that 
the evolution of technology, is such that the spectral distribution of the 
sound energies of many noise sources sinks more and more toward low 
frequencies. Closed - whether fixed or mob i le - spaces which are 
ventilated by low- frequency pulsed ai r are in increasing number. Steel 
mills, cowpers, heavy duty diesel engines are all representative 
industrial sources of infrasound. 
Finally, there are numerous natural (wind, thunder, earth-quakes, 
etc.) or technical sources of infrasound, and these few preliminary 
considerations show that wondering about the problems raised by the 
phys iopathological effects of infrasound does not mean indulgi ng in 
speculation. However, from such reflexions to the drive to explain the 
mysteries of the Bermuda triangle (11) or certain unexplained roao 
accident s (4) ty infrasonic infl uence~ there is a step whi ch shoul d, 
perhaps , not be made. 
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I I I - EFFECTS OF AIR-TRANSMITTED MECHANICAL VIBRATIONS ON 
THE HUMAN BODY 
Schematically , the phys iopathol ogi cal effects of air-transmitted 
mechanical vibrations may be considered under three aspects : energetic, 
informational and global , i.e. general effects. 
11 1.l - The ene/lge:tic e66ec-to are encountered when the intensi ty of the 
sound stimulus is high enough to injure the cochlear sensor : t his is 
the scene of occupational hearing loss. The consequences of exposure to 
very high level infrasound wi l l be described by Daniel JOHNSON. However, 
may I be allowed to remark that even in t he field of t he effects of 
intense sounds, where the observer can use privileged explorati on means 
such as audiometric systems, time was needed to agree on how to measure 
noise parameters and establi sh protection standards. In the case of 
industry- type noises, it i s now unanimously agreed to measure an 
efficiency pressure integrated on a strandardized time interval (SLOW 
or FAST characteristic of sound meters) with decent weighting (dBA). 
However, the exposure time is sti l l a matter for di scussion. In France, 
the principle of equal energy is accepted , in other countries, reducing 
by half the exposure time allows a 5 dB and not 3 dB increase in sound 
level . In the case of impulse noises such as those made by firearms, we 
still have not come to complete agreement on the way to measure the 
physical parameters of noise and on how to consider these parameters to 
develop protection standards. I therefore believethat it will take a 
few more conferencesbefore the scientific collll'lunity has a mo re uniform 
view on the physiological effects of infrasound, and al l the more so as 
the first international symposium on infrasound was only held in 1973. 
III .2 - Infio1tma.:Uona.f. e66ec-to of sound vibrations are observed when the 
intensity of the sound stimulus i s not dangerous for the cochlea. The 
sensor transmits the entire message to the higher integration centers. 
Thi s influx of sensory stresses may have various effects : the 
operational message i s mixed in and becomesless intelligible, or the 
only brain channel is saturated and the intel lectual activity is 
impaired, or the sensory stress occurs unexpectedly, at night , for 
example , and s leep di sturbances are observed. These few examples show 
Proceedings of the Conference on low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
65 
that the infonnational effects can be assimilated to the concept of 
annoyance. 
It is a very complex task to determine the sound levels which 
are li kely to cause a feeli ng of annoyance. Some of the involved 
factors are : leve l, time history and spectral configuration of the 
noise ; informational contents of the noise ; individual factors such 
as sleep, work (task learning) rest, illness, etc. ; subjects 
personality ; psychosociological factors which can, themselves, be very 
changing . 
To evaluate noise induced annoyance, it is therefore necessary 
to consider the prob 1 em not on an i ndi vi dua 1 basis, but rather on the 
scale of a population. An epidemiological survey must then be conducted. 
However, if one wants to conciliate methodological rigor and multi-
discipli nary data collection, such surveys are difficult to conduct 
and not very gratifying, on short term, for the operators ! 
In any case, in order that an informational effect can occur, 
the cochlear sensor must be stimulated in a pass-band and dynamics which 
are adapted. In the case of infrasound, which extends beyond the pass-
band of the human ear, such a situation seems rather unlikely, and this 
i s a good thing as the infrasound levels encountered in our everyday 
environment and expressed in dB (ref. 2.10- 5 Pa) are relatively high 
( 1, 13). 
111.3 - Gene/Utl e66ect.6 : in the case of sound vibrations, these general 
effects are mixed, i.e. both energetic and informational with, most 
often, a frank predominance of the informational aspect. In the case 
of infrasound, however, the signal must always be energetic enough to 
allow these effects to occur. An audible air- transmitted vibration whose 
characteristi cs suggest that it will have essentially informational 
effects can, indirectly, by the intermediate of psychosomatic phenomena 
involve and disturb the major neuro-vegetative functions, which reflects 
a conflict in the structures of the central nervous system, between 
activation of sub-cortical s t ructures (especially reticular) and 
inhibition of the cerebral cortex. GRANDJEAN's drawing (Fig. 1)' perfectly 
il]u:;trat es thi 3 concept. 
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Figure 1 : The three aspects of noise effects on the human body 
(modified drawing, adapted f rom GRANDJEAN (8)). 
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Inf rasound does not produce , on the efferent cochl ear nervous 
paths, sensory i nfonnati on coded as burs ts of action potentials . However, 
di rectly, the action on the eardrum of an air conducted vi bration 
stimulus of suffic ient intensity and low frequency can involve t he 
sympathet ic i nnervati on of the middle ear. This potent ia l situation 
must be taken i nto account, especia lly when the sound vibration is a 
very low frequency - maybe even an i nfrasound - which vibrates the 
eardrum without producing a specific auditory response, but rather a 
touch sensation which can bring discomfort or even be hazardous for a 
subject 1vho previously had ear surgery (treatment for otospongiosis). 
Finally, it can be supposed that high amplitude infrasound fluctuations 
which cause significant pressure changes within the cochlear endolymph, 
can trigger an undesirable vestibular stimulation. 
More directly still, the propagated infrasound vibration may 
directly act on all or part of the body, e.g. on the wal ls of the 
abdominal or thoracic cavities, or their air contents, or the organs 
suspended by their pedi cles inside these cavities. It is known that, in 
man, the resonance frequencies of these elements lie in the i nfrasound 
range. 
Final ly, in the infrasound range , it is not obvious that the 
cochlear sensor be the system which, under stress, has the lowest 
response or injury threshold. It is, therefore, more difficult to 
i nvestigate the physiopathological effects of infrasound than to study 
occupationa l hearing loss, for example, since in the l atter the study 
of the cohclear response may be considered as comprehensive. However , 
in the case of infrasound, it does seem that the effects to consider are 
of a general type. Actually, when in a work environment people claim to 
be inconvenienced by infrasound , t hey essentia lly complain about a 
discomfort which evokes f unctional disorders in the major vegetative 
functions. 
JV - ST UDY OF THE EFFECTS OF INFRASOUND 
FACI LITI ES AND METHODOLOGICAL PROBLEMS 
EXPERIMENTAL 
A point should be inmediately made concerning the experimen tal 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7- 9 May 1980 in Aalborg, Denmark 
68 
equi pment which was used for biology experiments. This equipment 
practically always includes closed chambers in which a piston creates 
periodic pressure changes. An example is given by the experimental outfit 
that we used. It essentially consists in a rigid chamber (Fig. 2), one 
of the vertical walls including a movable panel driven by a hydraulic 
piston which imparts a sinusoidal movement to this panel .The chamber 
inner volume is approximately 6.3 m3 (hexagonal shape ; 1.10 m wide x 2 m 
high 1~alls). A speaker is mounted above the movable panel in a second 
opening in the back wall of the chamber . The hydraulic pi ston creates 
a change in the sinusoidal infrasound frequency pressure inside the 
chamber. The study of the spectral distribution of pressures investiga ted 
in thirds of octave shows the clear emergence of the basic infrasound 
signal in contrast to the accompanying harmonic spectrum (Fig. 3). 
Nevertheless, the interfering sound spectrum linked to the harmonic 
distorsion might contribute, to a great extent, to the subjective 
impression felt by the subject. A counte/l.-te~t mlL6t theke6oke be 
pe/l.6okmed and the loudspeaker recreates, in the chamber, an acoustic 
environment identical to the previous one but without its infrasound 
basic component. The absence of such a placebo treatment might falsify 
the result analysis as we already underlined it several times (2, 3). 
Such facilities as the Langley low-6keque.ncy no.U..e 6acl.ll:ty (9) 
or the dyncuni.c plle.66Uke chambek of the Aerospace Medical Research 
Laboratory in Wright - Patterson AFB (USA) perfectly simulate pressure 
changes related to infrasound. However, it shoud be noted that the 
pressure and vibration velocity of particles are only in phase at a 
distance from the source equal to a wavel ength.Therefore, such facilities 
do not simulate the low-frequency v~bka.t<.onal ene/l.gy 6lux propagated in 
the air as can be encountered in nature or at certain work stations. In 
the interpretation of results obtained using these facilities, the 
question may be ra ised as to whether the effect of infras ound could not 
be partly related to the vibrational energy flux encountered and 
potentially absorbed by the subject. It should be noted, however, that 
for a 10 Hz frequency, the wavelength A = C/f is approximately 34 m, 
which evidently creates problems for t he construction of an experimenta l 
system capable of accofllllodating a human subject. In additi on, the poor 
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Figure 2 : Infrasound chamber used by the Centre d'Etudes et de 
Recherches de Medecine Aerospati ale (C.E.R .M.A.) 
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Figure 3 : Spectrum obtained using the hydraulic piston (B and K filter, 
type 1614 and Band K amplifier type 2606). 
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output of t echnical infrasound emitters must be taken into account . 
From this standpoint, Prof. GAVREAU designed good simul ators but with 
a small diameter (6). 
A final remark should be made concerning the use of experimental 
facilities or the information collected at certain work stations. It is 
obvious that the experimental or industrial sources of infrasound 
vibrate the so 1 ids which support them : floor of the 11orkshop or ~1a 11 s 
of the experimental chamber. The subject whose reactions are observed 
risks being stressed by infrasound frequency vibrations wh ich reach him, 
partly by solid transmission (floor-feet, for example), partly by aerial 
transmission. The energies involved in these two transmi ssion modes are 
not generally comparable. In the case of solid transmission i nfrasonic 
frequencies, the problem is one of tolerance to vibrations.Only the 
effects of air propagated mechanical vibrations are considered here. 
Siro1ilarly, when information i s collected at a work station , it 
is obvi ous that the considered factors are most often quite i nt r icate 
an overall ergonomic analysis of the work station usual ly permits 
ascribing the felt discomfort to factors other than the originally 
incriminated infrasound fa ctor. 
V - THE EFFECTS OF INFRASOUND ON PERFORMANCE 
The deterioration of performance under the effect of infrasound 
levels generated by vehicles seems to be a practically unanimously 
accepted fact. For example, a 115-120 dB infrasound level (Fig. 4) 
generated in road vehicles would increase the driver' s response time 
by 30 to 40 % and make him drowsy, such effects being comparable to 
those of slight alcohol intoxication (1, 13). 
As it is impossible to list here all the physiological effects 
which have been attributed to infrasound (3), I wil l only discuss one 
particularly dramatic effect. 
We exposed forty-two young men for 50 minutes to sinusoidal 
changes in ai r pressure at7.5 Hz and 130 dB (2). A rel axation chair was 
placed inside the chamber, it rested on a platform suspended by four 
rubber springs from the chamber ceil in9. Usi ng this sys.tern, the subject 
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was isolated from vibrations transmitted through the floor and only 
exposed to air vibrations. Sitting in the chair, the subject turned 
his back to the movable panel and could see perfectly well the chronoscope 
display. Each individual was exposed to three noise levels : 
- ~n6klL6ound : infrasound stimulus with its harmonic spectrum 
(piston working) 
- no.Ue. 
- fl.Uence 
harmonic spectrum without its basic infrasound 
component (restored by the loudspeaker) 
background sound level of the chamber (< 50 dBA). 
It was important that the experimental subjects not consider 
the ~n6klL6ound exposure as the privileged experimental phase. This is 
why it was impossible to use the l aboratory personnel for this experiment. 
The subjects, all naive, unpaid volunteers were recruited outside the 
laboratory. In addition, great care was taken to make sure the 
experimental environment remained identical under the three test 
conditions (infrasound, noise, silence). 
Each subject was exposed for 50 minutes to each one of the 
three conditions, randomly, but in an order equilibrated in a 3 x 3 
Latin square design. The experiment was repeated according to the method 
of separate squares until 14 randomized Latin squares were completed 
(i.e. 42 subjects). Each subject was exposed to three experimental 
conditions in the same week, always in the. morning. We know, and it 
was verified, that for a given subject, there is a relationship 
between a measure obtained for instance, during exposure to infrasound 
and that obtained before such an exposure. This is why we used a 
covariance analysis, comparing among them.6e.lveA the mean values measured 
under the experimental conditions, t aking into account the values 
measured before exposure (to infrasound, noise or silence). 
The mean response time to a light stimulus was measured using 
a digital display electronic chronoscope. 16,128 elementary response 
times were determined. Each measure is, in fact the mean of 32 elementary 
times corresponding to 32 successive randomized displays within a 
2 1/2-minute display cycle. A cycle is preceded by a state of alarm 
(the l ight is turned off in the chamber). 
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The independent variate is the result of a measure made 
10 minutes before exposure to infrasound (or no ise or silence). The 
dependent variate is the mean of 3 measures made respectively 15, 30 
and 45 minutes after the beginning of experimental exposure. The 
following results were obtained (adjusted means) 
Response time during infrasound exposure = 0,2465 s. 
Response time during noise exposure = 0,2493 s. 
Response time during silence exposure (< 50 dBA) = 0,2482 s. 
The three tested differences are respectively the comparisons 
infrasound/noise (natural action of the infrasound), noise/silence 
(natural acti on of the low pitched sound area of the spectrum), 
infrasound/silence (effect of total spectrum). None of these differences 
is, of course, significant, and yet, the sound level is 130 dB on the 
I/3 of octave filter centered on 8 Hz 
It must be noted t hat during exposure to infrasound, our 
subjects exhibited slight drowsiness, as t hey were rocked in the 
relaxation chair by the monotonous rhythm of the infrasound pulse 
which is quite similar to that felt in the cabin of a ship driven by 
diesel engines. And still, their response time to a light stimulus 
measured a6teJL p1te1.UilUta1ty a.R.aJun was not changed at all, which proves 
that , in itself, infrasound exposure had absolutely not deteriorated 
their alertness, contrary to what happens under the effect of alcohol. 
Under these condi tions, it does not seem reasonably possible to 
make the infrasound levels usually found in our general environment, 
and particularly those generated in transportation means, responsible 
for such a fantast ically negative impact on performance as was thought 
by some authors. However, in an experiment conducted with methodological 
rigor KYRIAKIOES and LEVENTHALL (10) succeeded to show, in a complex 
task completion test, a very s light deterioration of performance, with 
time, under infrasound exposure (~15 dB LIN between 2 and 15 Hz). 
Therefore, the question is st ill pending. It simply seems that i f 
infrasound had all those frighteni ng powers described by some authors, 
all diesel car drivers or those people who dare drive with their windows 
open would never make it to where they are going ! 
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Summary 
The concept and first results of a series of three studies 
of noise effects in men are r eported . A total of nearly 
100 volunteers was teste d under contro l and different low 
frequency and audio f requency noise situations for up t o 10 
days . No specific i nfrasou nd effects (i. e . giddiness or nys-
tagm) could be detected. We found , however, stress ef f ects 
under infrasound exposure (110 dB, three octave bands be-
tween 3 and 24 Hz) s i milar to a udiosound . 
Exposure room / - 1 7 
In our exposure room, two test perso n s worked for 8 h/d . 
Low frequency sound in the r a nge between 3 and 24 Hz was 
generated by 24 loudspeaker s mounted in one wall of the 
room . Dur i ng e xposure the t ilting window was kept open.The 
sound p ressure level in most of our low frequency experi -
ments was 110 dB . Audiosound was gen erated in the same room 
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by means of a wide-band loudspeaker combination . 
1. Pilot study 
The following exposure parameters were chosen: 
pure tones and 1/3 octave band noise; frequency range:5-20 
Hz. Infrasound pressure field: level range: 100- 125 dB 
Infrasound pressure gradient field: level range:S0-130 dB/m 
Earphone L-1 ,2_7 pure tones 4-20 Hz 
In- phase and anti-phase 130-140 dB 
A total of 12 test persons was exposed to certain of these 
conditions for up to 4 h. 28 test persons, mostly students 
working on self-chosen subjects, were exposed to 110 dB, 
12.5 Hz, 1/3 octave band noise for 8 h,and control condi-
tions for the same time. 
We did not find any specific infrasound effects in man, 
especially neither giddiness /3/ nor nystagmL-2_7.we found, 
however, stress effects of infrasound which were qualita-
tively similar to the extraaural effects of audiosound . 
About 50 % of our test persons felt disturbed and showed 
s l ight i ncreases in systolic blood pressure and heart rate 
variation as well as decreases in finger pulse integral 
values L-4,5_7 . 
The aim of the ensuing parts of our study was to compare 
the stress effects of infrasound and audiosound and to stu-
dy the frequency dependance of infrasound effects. We de-
cided to test each person for 10 days each under various 
low frequency, audiosound , and control situations.Therefor~ 
the number of test persons had to be restricted. In order 
to select a nearly homogeneous group in respect of noise 
sensitivity, we performed the second part of our study be-
fore we started the fi na l part with 10 test days for each 
person. 
2. Audiosound study 
57 voluntary male test persons aged between 18 and 34 (aver-
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age of 24 years) worked alternatively on one day without 
traffic noise and on one day with traffic noise,at a con-
stant equivalent noise level of 85 dB (A). On the first da~ 
one half of the group worked with, and the other half with-
out noise. After a short instruction , al l test persons weld-
ed simple electronical circuits according to a given model. 
The total numbers of correctly welded electronical circuits 
were taken as a standard of achievement, and the faulty cir-
cuits as a failure standar d. 
The first morning,each test person completed a question-
naire :in order to evaluate the subject ive sensitivity to 
noise . The psychical state between the poles , tensio n -
placidity, of the test persons was measured by questionnai-
res on both days at midday. The questions "Do you feel: -
tensed - discontented - irritable - restless - stirred up -
able to concentrate?" were answered on a 5- grade scale and 
summarized to measure the psychical state. Pulse f requency 
and blood pressure were taken each hour (Stereocard, Dr. 
Lange, Berlin) from 50 of these test persons. 
During the working period, urine was continuous ly coll ected 
for the analysis of epinephrine, norepinephrine, and cAMP , 
and after work, blood samples were taken on both days for 
the ana l ysis of Ca, Mg, Na, protein, cholesterol, and reni~ 
In Table No . 1 changes in the averages of performance, cir-
cul ation, and biochemical parameters over working periods 
of 7 1/2 h are g iven, together with acute values of changes 
of the psychical state and the changes of the blood para-
meters . 
In the four different fields of psychical reactions , per-
formance , blood circulation, and biochemistry, we could 
establish obvious effects of t raffic noise. 
I n order to describe the associations between sensitivity 
t o noise and some objective parameters, Spearman rank cor-
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relation coefficients are reproduced in Tab l e 2. 
In our spot checks, these correlations demonstrated the 
presence of 
1 . an increase of sensitivity to noise with increasing age; 
2. an increased blood pressure with increasing sensitivity 
to noise; 
3. an increase in sensitivity to noise as well as changes 
of tension under noise stress with decreasing magnesium 
content of the erythrocytes (eMg) ; 
4. an increase of psychical tension, a decrease of the qua-
lity of work, and an acceleration of the heart frequency 
under noise stress. 
l1 Table 3, correlation coefficients between noise-induced 
changes of parameters from the fields of psychical reaction;, 
performance, blood circulation, and biochemistry are given. 
The results evaluated either referred to the total group or 
the 28 test persons who according to the questionnaire were 
most sensitive to noise. 
These correlations were 
1. For the entire group, an association between psychical 
tension through traffic noise and increases of heart fre-
quency and blood pressure . 
2 . The decrease of working quality under the influence of 
noise which was established for the tota l group , was asso-
ciated with changes of electrolytes in serum and with an 
increase of the heart frequency in the noise-sensitive sub-
group. In this sub-group , the association between increased 
release of epinephrine and an i ncrease in blood pressure 
under noise stress became evident. 
Our results have demonstrated -
1. the suitability of our questionnaire for the identifica-
tion of noise-sensitive test persons; 
2. the usefulness of our method and t he chosen parameters 
for a noise effect study; 
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3. the interaction of psychical, ergonomical , physiological 
and biochemical parameters under noise stress. 
According to the results of part 2 , we tried to select a 
homogeneous group of 18 test persons for the intensive low-
f requency study in part 3. Because of the long test period 
of 10 days per person, however, we could not find enough 
volunteers with high sensitivity to noise. Therefore, we 
had t o accept persons with less sensitivity to noise as well. 
3. Low frequency and audiosound study 
18 test persons worked for 10 days each , mostly on electron-
ic circuits. The first day was used for adaptation. In the 
following 9 days , 3 control situations and 6 noise situa-
t ions were arranged together with the 9 groups of 2 test 
persons to form a Latin square. Thus , we excluded t he in-
fluence of sequence. 
The noise conditions were: 
1. low f r equency octave band noise 3 - 6 Hz , 110 dB 
2. 6-12Hz, 110 dB 
3. 12- 24Hz, 110 dB 
4. audiosound (tape-recorded traffic noise). 75 dB (A) 
5. 75 dB (A) 
6 . a combination of 2. and 4. 
The test parameters were: 
1 . efficiency and quality of work 
2. psychical state 
3 . reaction time 
4. ECG, heart frequency 
5. temple pulse 
6. pulse wave velocity (from 4 and 5) 
7. respiration frequency 
8. blood pressure 
9 . epinephrine 
10. norepinephrine 
11. cAMP 
from the urine , 
collected over 7 1 /2. h 
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Working parameters, psychical state, blood pressure , and 
biochemical parameters were meas ured similarly to part 2, 
only the frequ e ncy of blood pressure measurement s was i n-
creased t o 3 times per h. At the same f requency , the reac-
t i on time was measured. The phys iologica l parameters 4 . -7. 
were measured by an automatic device . The time interval be-
tween the ECG R-wave and the steepest slope of the templ e 
pulse was converted into an analogous voltage which was re-
ciprocal to the pulse wave velocity. 
A comput er (HP 981 5) -controlled switch was insta lled be-
tween the measuring amplifier (Siemens) and the ECG elec-
trodes, the photoelectric pulse pick- up , and the thermis-
tor respiration pick-up on both of the t est persons of each 
group. The computer controlled a n alternating sequence of 
the two test per sons with a duration of 9 min (mea suring 
period) a nd 1 min (switching period) , respectively. During 
the 9 min measuring period the .3 outputs o f the measuring 
amplifier as well as a voltage reciprocal to the pulse wave 
velocity were measured by a digital voltmeter (HP-3437A) 
and a scanner (HP- 3495A) once per s . The computer calculat-
ed the mean value s and standard deviations of each parame-
ter and stored these val ues in a cartridge tape unit (HP-
987 5A). At the end of each test day, the blood pr essure 
val ues were stored as wel l . The t i me dependencies for all 
the physiological parameters over a day were plotted by a 
printer- plotter (HP-9871A). At the end of the experimental 
part of this study , the physiological data were transferred 
on punch tape by a Facit (6075/ 70) for statistical analysis 
in the central computer of the F ederal Health Off ice. The 
ergonomical, psychical, and biochemical parameters were 
manually transferred to the central computer. 
As a first r esult we found a statistical l y significant 
(Friedman test) increase of psychica l tension: start i ng with 
control situations, over the infrasound conditions with i n-
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creasing fr equ ency and traffi c noise to a combinat i on of 
infrasound and audiosound. 
Table 1 : Changes of the specified parameters in 57 test 
persons during 7 1/2 working hours under traffic 
noise (Leq = 85 dB (A)) as c ompared with work 
without noise (Leq < 50 dB (A)) . 
Psychological Psychica l o.5 grades +++ 
parameters tension on a 5 grade scale 
Performance Total achi evement + 12 % ++ 
parameters Total failur es + 29 % ++ 
Quality 5 % ++ 
Blood Pulse frequenc y + 26/min ++ 
circulation Systolic b lood +++ 
+ 3 Hg parameters pressure mm 
Diastolic blood ++ pressure + 2 mm Hg 
Biochemical Epinephrine + 33 % ++ 
parameters Nor epinephrine + 7 % 
cAMP + 4 % + 
Serum - Mg + 3 % ++ 
Erythrocyte 
- Na 6 % +++ 
Total protein + 2 % ++ 
Total cholesterol + 2 % + 
Renin - 16 % +++ 
Levels of significance (Wilcoxon t est) -
+ = 5 %; ++ = 1 %; +++ = 0.1 % 
Supported by 
Minister f ur Forschung und Technologie, 
Programm: Humanisierung des Arbeitslebens. 
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Table 2: Rank correlation coefficie nts r ,personality 
characteristics , and changes i nstension against 
objective parameters, and their changes under 
traffic noise (Leg = 85 dB(A) compared with 
quietness (Leq .c.. SO dB(A) 
Sensitivity to noise 
I age 
I diastolic blood pressure 
I e-Mg 
I increase of psychical tension 
I decrease of work quality 
I increase of heart frequency 
Noise-induced increase of I e-Mg 
psychical tension I cAMP 
+ 
- o.31++ 
- 0.35 
Table 3: Rank correlation coefficients r b etween noise-
induced changes of psychical, e¥gonomical , 
physical , and biochemical parameters 
Entire group 
Increase of psychical tension 
I increase of heart frequency 
I increase of the diastolic 
blood pressure 
Noise-sensitive sub-group 
r = 0.44+++ 
s 
r = 0 . 36+ 
s 
Dec rease in quality of work 
I 
I 
I 
Increase of 
excretion 
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Sununary. 
16 subjects were exp osed to infrasound and traffic noise 
while task performance measurements were carried out . 
Infrasound above the hearing threshold level (120 dB) seems 
to affect human task performance. An addition duty was carri-
ed out 7% s lower, and the reaction time in a complex reaction 
time test was increased 6% . In a cue utilization test there 
were 80% more errors . Traffic noise at L = 71 dB (A) sho-
wed no effects . 
eq 
Introduction . 
It has often been claimed that infrasound coul d infl uence hu-
man performance. Most observations of this kind are from hu-
man everyday environment, where both the exposure and the ob-
servation of the performance are uncertain . Therefore labora-
tory experiments are needed where the exposure is wel l known 
(infrasound without vibrations, audio frequency sound etc.), 
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and where a number of well defined performance parameters are 
recorded. Experiments like these have been carried out [1-10] 
but the results are not very concordant , and further investi-
gation is needed. 
This i nves t igation deals with both physiological parameters, 
task performance and subjective annoyance impressions, but 
only the task performance recordings have been analysed 
until now, and they will thus be t he on ly subject of this 
paper. 
Exposure. 
The experiments were carried out i n an infrasound test cham-
ber built at Aalborg University Centre [11,12]. The chamber 
is rather large, 1 6 m3 , in order to avoid psychological re-
actions from the subjects. The infrasound is generated by 16 
l arge electrodynamic l oudspeakers. To allow experiments of 
long duration the test chamber is equipped with a ventilat-
ing system. 
Four different exposures were used. In addition to two infra-
sound signals, a "quiet" exposure was used, and for compara-
tive reasons , an audio frequency noise. 
A - quiet. 
B - traffic noise . This was a recording from a main road 
in Aalborg. The playback level was L = 71 dB(A). 
eq 
C - low level infrasound, see figure 1. Total SPL=lOO dB. 
D - high level infrasound, see figure 1 . Total SPL=l20 dB. 
C and D were broadband infrasound signals, frequency shaped 
along the treshold curve 5-25 Hz, which makes the "low" and 
"high " frequencies equal l y audible. The t otal spectrum C is 
hardly a udib le, while D is subjectively loud. 
Recordings o f task performance. 
9 different task performance measurements were used. The 
tests consisted of duties presented either on a small film 
viewer or on a CRT- display terminal. The duties were answer-
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
120 
dB SPL 
llO 
100 
90 
80 
70 
60 
50 
40 
87 
Figure 1. 
1/3 octave analysis 
•
• D 
~~gg§§§§§§~f!~~ija~ of the stimuli I: C C and D. 
2 Hz 4 8 16 31. 5 
Total SPL: 
C: 100 dB 
D: 120 dB 
ed by pressing pushbuttons. Some of the tests were developed 
at The Laboratory of Heating and Air Conditioning at The 
Technical University of Denmark, where the purpose was mea-
surement of task performance during exposure to different 
conditions of tempe rature , humidity of air and t he like [13]. 
In the tests the answering of o ne duty was immediately fol-
lowed by presentation of the next one . 
Test 1 consisted o f addition duties. 5 three-digit numbers 
should be added . Three suggestions of the sum were present-
ed and the subject should choose between these or indicate , 
that none of them were correct. The four answers were equal -
ly probable. 
In test 2 nine two-digit figures were presented and the sub-
ject should indicate whether they were a ll different. In 34% 
of the presentations two or more figures were identical. 
I n test 3 logical statements of a certain construction were 
presented. The subject shoul d indicate whether the statement 
was right or wrong. 
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Exempl es : A precedes B: AB (right) 
After A is C: CA (wrong) 
c does not follow B: CB (right) 
A is not before B: AB (wrong) 
Test 4 was a cue utilizat i on test ; a mod ified version of the 
Tsai-Partington test (14) . The order l -A-2-B- 3-C-4-D etc. 
should be followed, and the subject was to indi cat e whether 
the next sign could be found, see figure 2 . 
Q) 
® 
® 
@ 
® 
@ 
@ 
® 
@ 
© 
@® 
® 
Figure 2 . 
Example of test 4 . 
Test 5 was a short time memory test. A l ist of words was pre-
sented, one word at a time . Each word might occur more than 
once and the person should indicate whether he had seen it 
b efor e. 
Test 6 was a simple reaction time test . When a l etter appea-
red in the centre of the CRT display a pustbutton should be 
pressed . The time from a n swering t o presentatio n of t he next 
stimulati on was random b ut unifor mly distributed in the range 
2-6 seconds. 
In test 7 t he d i splay was divided into five pa r ts and the 
l etter E appeared i n one of them every 2 seconds . The subject 
should react only on appearance in the cen tre . 
In test 8 the display was divided into two parts by a verti-
cal line . The lett ers E and F could appear one at a time at 
e i ther the left or the right side . The subject should only 
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r eact on an F to the left or an E t o the r i ght . 
Test 9 was simular to test 2, but carried out with other 
equ i pment . 
Experimental design. 
15 yo ung s tudents and one person of 43 years were used as 
subjects, ha l f of each s ex. During two months they all parti-
cipated in the experiment four days, each day for 4 hours. 
In a 4-hour setting 3 hours were used for exposure to one o f 
the four conditions g i ven above . The subj ects participated 
two at a time and they were all exposed to al l four conditi-
ons, although not in the same order. A latin square design 
was used in order to balance ou t learning effects , see table 
I. 
person number : 
1-4 5- 8 9-12 13-16 
1. exposure : A B c D 
2. exposure : B c D A 
3 . exposure : c D A B 
4. exposure: D A B c 
Table I . Lati n square design of the .expe riments. 
For each setting a strict time table was used , see figure 3 . 
Results. 
From the t ests were recor ded mean response time and percents 
of e rrors (except test 6, where only the response time was 
recorded) . 
It is not surprising that the quantities differ strongly from 
person to person . Therefore all values are normalized, which 
means that they are d ivided b y t he total mean for the person 
in that particular test . For each sound stimulus mean values 
and standard deviations o f the normalized variables ar.e cal-
culated. For the r esponse t imes results are shown i n figure 
4. 
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Time: 
Oh OOm 
Oh 30m 
lh oom 
l h 30m 
2h OOm 
2h 30m 
-
Jh OOm 
90 
Activiti es for t he 
first person: 
f audiometrical measurement 
fixing e l ectrodes etc . for 
physiological measurements . 
test 6 , 7 , 8 , 9 
t est 4 
t est 2 
measuremen t of 
test 3 
test 5 
t est 6 , 7 ' 8 , 9 
measureme nt of 
test 1 
Activities f or the 
second person : 
fixing electrodes etc. for 
physiological measurements 
audiometrical measur ement 
test 1 
blood pr essure 
test 6, 7, 8 , 9 
t est 4 
t es t 2 
b l ood pressure 
test 3 
t est 5 
test 6 , 7 , 8 , 9 
measurement of blood pressure 
questionnaire for s~bjective impressions 
audiometri cal measurement taki ng off electrodes 
taking off electrodes audiometrical measur ement 
Figu re 3 . 
Time table for e ach 4-hour e xperiment . 
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I t is quite obvious t hat no gener al deterioration in the per-
formance caused by the sound stimuli in B, C and D can be 
seen from the figure. According to the mean values , the sub-
jects worked faster in some tests and slower in others, when 
exposed to noise. 
Before making any conclusions about the influence of the noi-
se on performance it is important to clarify whether the ob-
served differences are so large that they cannot be explained 
as random. For this purpose a one way analysis of variance 
has been carried out. In this analysis the H0 hypothesis is: 
the mean values are all equal . The significance level indica-
t es the probabil ity of obtaining the observed results or va -
lues that differ even more if H
0 
were true. F values and sig-
nificance levels from the tests are indicated in figure 4. In 
test 1, 7 and 9 H
0 
is rejected at 6%, 4% and 6% level, re-
spectively. Only results from these tests are further analys-
ed . 
In simple t-tests the values from B, c and D are compared to 
values in A. The foll owing is observed : Test 1: the response 
time is longer in D (significant at 2% level). Test 7: the 
response time is longer in D (3% level). Test 9 : the response 
time is shorter in C (2% level). 
The values of the error percents were a nalysed in a similar 
way . The analysis of variance only showed significant diffe-
rences in test 4, and here there were 80 % more errors in D 
than in A (significant at 1% level in a t-test) . 
Discussion. 
In test 9 an improvement was shown when the subjects were ex-
posed to noise C. However, this seems very unlikely, and as 
test 9 is similar to test 2 where no significant changes were 
seen, the significance was probably random . 
Except for the above mentioned, all alterations in performan-
ce appeared as deteriorations when t he subjects were exposed 
to noise D. This seems to indicate that infrasound above the 
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threshold value is able to affect task performance in a ne-
gative way. 
It is remarkab l e that no significant changes were seen when 
the subjects were exposed to traffic noise (B). This indica-
t es that the recorded parameters are not very susceptible to 
noise. Traffic noise at Leq = 71 dB is subjectively rather 
disturbing, and the results seem to show that the human be-
ing - at least for a few hours - is able to compensate for 
this, so tasks are carried out without deterioration. Thus 
task performance measurement may be a poor tool in noise 
assessment. 
With this in mind, the significant deteriorations in perfor-
mance caused by audible infrasound may be regarded as being 
more serious than their magnitude immediately seems to indi-
cate. 
In the present design o f the experiment (latin square) the 
learning effect is balanced out, but i t still contributes to 
the standard deviation. A further study of this effect might 
lead t o a compensation giving smaller standard deviations and 
thus more significant changes in performance . 
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Summary: 
Thresholds of audibility of low frequency sounds, aural 
maskings of them by white noises and annoyances resulting 
from them were measured. The influence on mice by a low 
f r equen cy sound was measured. The regulatory standard of 
low frequency sounds was investigated. 
(1) Introduction : 
In Japan the problems of low frequenc y sounds occur at 
60-90 dB. One of them causes feelings of pressure on the 
sufferers' chests, buzzing in their ears or seasickness e tc. 
Another causes windows and/or doors to rattle because of 
low frequency sounds without winds, a n d the sufferers have 
vague fears. These phenomenons occur below bri dges of 
highways, at exits of tunnels of Shin-kansen and near 
boilers etc. 
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(2 ) Experimental a pparatus: 
As shown in photo.!, a 50 cm diameter loudspeaker was 
moved sinusoidally by an oscillator and a 70W direct current 
audio power amplifier. For preventing the transmission of 
vibrations, a small box was positioned below the loudspeaker 
and pressure waves were transmitted through a vinyl pipe to 
a low frequency chamber. Subjects were seated in the 
chamber . A l ow frequency microphone (1-100 Hz) was set 
near the subjects. A small loudspeaker was positioned in 
the upper part of the chamber as a masker. 
(2.1) Frequen cy analysis of low frequency sounds in the 
low frequency chamber: 
The low frequency sounds in the chamber were analyzed 
with fast fourier trans form. The differences between the 
levels of fundamental low frequency sounds and the levels of 
harmonics were 30-40 dB and the i nflue nce by harmonics of 
the loudspeaker could be neglected. 
(2.2) Vertical vibration l evel s in low frequency chamber: 
Vertical vibration levels on a seat and on the floor in 
the chamber were 40-55 dB and below the threshold of 
vertical vibration sensation. 
vibration could b e neglected. 
-
I 
••• 
So the influence by 
Photo . ! Low frequency chamber 
(3) Measurement of threshold of low frequency sounds: 
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(3.1) Method of measurement: 
Subjects were seated in the chamber and levels were 
slowly increased by a volume. When the subjects noticed 
low frequency sounds, they signed. For avoiding the 
influence of winds and other background noises, measurements 
were mainly done at night through a 1/3 octave 
band filter. In one frequency sound the same measurements 
were done three times. Each time their differences of 
levels were very small (1-2 dB). The subjects detected the 
existences of low frequency sounds by misty feelings of 
pressure in the ears. 
dB dB 0 0 0 Mr . A Miss.A 
100 100 
~average of 16 of 8 women 90 90 0 0 men 0 0 
80 o- --- - 80 
Mr.B Miss.B . .. 
70 
' \ 
70 
60 60 
' so so 
curve of rso\_' 
40 40 
~ 
Hz Hz 
8 16 31. 5 63 8 16 31. 5 63 
Fig .l Threshold of hearing Fig . 2 Threshold of hearing 
of men of women 
(3.2) Thresholds of men: 
The thresholds of men, who were university students and 
about 20 years old, are shown in fig. l . The difference 
between many persons is large and a very sensitive person 
has a lower threshold by 15 dB. 
(3.3) Thresholds of women: 
Thr esholds of women, who were about 20 years old, is 
shown in fig.2. Women were 3 dB more sensitive than men, 
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except for 8 and 10 Hz. 
(3.4) Difference of ages: 
The subjects, who were under 30 years of age, were 
2-6 dB more sensitive than the others, who were over that 
age. 
( 3.5) A weighting curve and thresholds: 
The average threshold at p· 3 ig. Curve of ISO(dBA) and that 
63 Hz was 52 dB . For of threshold of hearing 
corresponding the auditory 
sensation weightin g of ISO 
dB(A) (-26 . 2 dB at 63 Hz), 
8 16 31.5 63 Hz 
25. 8 dB was subtracted from _ 30t---------~:.o_­
the average thresholds. 
As s hown in fig.3, the 
auditory sensation 
weighting of dB(A) 
resembles to the threshold 
curve a little. To 
convert levels to dB(A) 
below 16 Hz, the values in 
fig.3 is used in this paper. 
x 
- 70t--x;;- ---------
dB 
relat ive value 
(4) Aural masking by white noises: 
White noises of 40 dB(A) were used as maskers. The 
increaces of the thresholds are shown in fig .4. Many 
subjects detected 30-40 dB(A) low frequency sounds 
(below 30 Hz) and there was about 10 dB increace of low 
frequency sounds thresholds. But one person (Mr .M) could 
distinguish low frequency sounds from white noises and his 
threshold did not increase . Sometimes it is said that 
infrasounds can be heard by the existence of harmonics that 
occur in the esrs and therefore they can be easily masked. 
But some persons can hear the infrasounds themselves . 
In Japan housewives, who live always in quiet rooms, are 
sometimes easily afflicted by low frequency sounds. This 
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phenomenon happens , because there are no noises as maskers 
i n quiet rooms and they can hear low frequency sounds 
easily. 
dB(A) 
40 threshold wi th noise , r ising 
<
a{verage 7~~e~~o~~~freasing level of 
.,..; _,, ./ 
', Jt ~ '~'', ~ threshold wi th noise, 
30 ir--lt" ~I falling me thod (decreasing 
~ ~ l eve l of infrasound) 
-.A ~~ ' th t . r i ~ing method with ,>',?' wi ou noise 
2 0 noise / _,,,- , 4' s~vY<:-tl d"-J.-( ~without noise 
10 Mr.M falling method with noise 
8 1 6 31 .5 63 Hz 
Fi g. 4 'l'hreshold of hearing with 
40 dB(A) white noise masker 
( 5) I nfluence on human body by low frequency sounds: 
Subjects, who we r e mainly about 20 years old and seated 
in the c hamber, were exposed to low frequency sounds for 
three minut es. Sub jects were permitted to read their 
favorite journals in the chamber. Wh e n they did not feel 
ill at all, the l evels were increased and they were exposed 
to low frequency sounds once more. When they fe l t il l or 
disagreeable a little, that was the threshold of annoyance . 
Subjects were exposed only for three minut es . If they are 
exposed for a longer time, they will surely feel ill in that 
levels of the thresholds of annoyance. The results are 
shown in fig.5 . This shows that low frequency sounds be low 
16 Hz over 100 dB cause annoyance to human body . 
Differen ce between the thresholds of heari ng and the 
thresholds of annoyance are shown i n fig . 6 . This shows 
that in very low frequency sounds the difference between two 
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thresholds is ver y small. And if somene hears very low 
frequency sounds in h is/her house for long time , he/she 
will feel ill. At 8 Hz there is a very low point in fig.6. 
That is the man, who i s annoyed by low frequency sounds. 
The symptoms were as fol lows: "feel disagreeable", "have 
headaches", "be languid in the body", "feel pain in the 
heart", "feel pain between the neck and shoulder", "heart 
beats increase", "get seasick", etc . 
dB """ l<)I. 
'°'' •x 100 x >O<--lO< 
'°"1'\. threshold of 
90 annoyance 
~ 
.,,,('. 
80 x 
70 
average of 
60 threshold of-
hearing 
50 
8 1 6 31. 5 63 Hz 
Fig.5 Threshold of 
annoyance 
:1B 
x 
30 
20 
10 
l( 
"" )( 
• ~--~ 
"" 
~ x 
x 
~ 
Hz 
8 16 31. 5 63 
Fig.6 Difference between 
threshold of hearing and 
that of annoyance 
(6) Influence on mice by low frequency sounds: 
Audible frequency range of a mouse was measured by using 
conditioned reflex . It was over 1000 Hz. But in Japan 
low frequency problems occur at near 16 Hz, and so 
experiments were done at 16 Hz . A groupe A of 8 mice was 
exposed to 16 Hz 120 dB sound and another groupe B of 7 
mice was exposed to 16 Hz 80 dB sound for ten hours/a day. 
Experiments were continued for 100 days (from 5th April to 
13th July) . There were no differences between the t wo 
groupes in the i ncreace of the weight of their bodies and 
the weight of the water and food, eaten by ·each groupe. 
After the experiments, three mice were anatomized. But 
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there were neither ulcers n or any other symptoms. As the 
sound of 16 Hz is very far from audible frequency range of 
mice, there was no i nfluence on mice at all. 
(7) Excitation of rattling noises by low frequency sounds: 
When windows and doors are 
exposed to low frequency 
sounds over 70 dB, sometimes 
rattling noises are emitted 
as shown in fig. 7 . The 
sound of 16 Hz 70-80 dB is 
below the t hreshold of 
hearing and in spite of no 
existence of an audible 
sound and wind, windows or 
doors rattle. That 
phenomenon makes inhabitants 
feel anxiety. I think that 
nB 
90 
80 
70 
0 
0 
• t--~~~~~~~o~o~~~ 
8 
Fig. 7 
0 
16 31.5 63 - Hz 
Threshold of rattling 
noises of windows 
( •wood frames 
o iron frames) 
the regulation should be below the threshold of rattling 
noises. 
(8) Conclusion: 
In Japan low frequency sounds make windows and doors 
(especially in wooden houses) vibrate and emi t rattling 
sounds. And some people (especially housewives), who are 
sensitive to low frequency sounds and always live in the 
same quiet houses, hear the low frequency sounds and are 
annoyed by them . If this condition continues, sufferers 
suffer from stress and nervous diseases. For avoiding the 
occurrence to victims, the regulation should be below the 
threshold o f hearing, the threshold of annoyance and tha t 
of rattling noises . 
In factories or in cars noise levels of audio frequency 
range are large and so there are not so many problems by 
low frequency sounds. But sometimes the leve ls of l ow 
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fr equency sounds are very large and it may vibrate semi-
circular canals and cause physiological in fluences on human 
bodies. Other regulations may be necessary. 
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(1) Mean and minimum values of thresholds of hearing: 
Minimum values of thresholds were selected a t eac h 
fr e t1uency . The minimum an<l mean values of thresholds 
are shown in fig . l. The minimum values are lower than 
the mean values by 10-15 dB. 
·(2 ) Low frequency noise levels in sufferers ' houses: 
The frequency distributions of l ow frequen,cy noises 
in sufferers ' houses are shown in fig.l and the frequency 
distributions measured by doc t or Shiomi [ lit . l) are shown 
in fig.2 . Noise levels are positioned between the mea n 
values and the minimum values . Thi s s ho ws that'low 
frequency noise prob l ems occur when sensitive persons 
hear (or fe e l in the ears) low frequency noises 
continuously , of which leve ls are n early equal to their 
thresholds. 
(1) 
lOO·i:--~~~~~~~~-~~~~~~~~~~~~~ 
dB 
90 
80 
~~e of thresholds 
~~ low frequency noise 
~n sufferer A's house 
minimum "'... 
70 - value of - ---- '-+- --------
threshold s 
'> 
8 10 12-5 16 20 25 31.5 40 50 63 Hz 
Fig . l Mean val ues and minimum va lues of 
thresholds of hearing, and low frequency 
noises in sufferers ' houses. 
Low frequency noise source 
to A' s house is a cyclone separator, 
to n ' s house may be the boiler of a 
neighboring house. 
mean value 
measured by doctor Shiomi 
low frequ e ncy noise in 100 
dB 
of thresholds 
90 
80 
70 
o sufferer C ' s house 
X sufferer D's house 
o sufferer E ' s ho use 
sufferer F's house 
60 : 
5 
4 
8 
Fig.2 
, ,,.-
>( 
1 0 12 . 5 16 20 25 31 . 5 40 50 63H~ 
Mean values and minimum values of 
thresholds of hea ring , and low frequency 
noises in sufferers ' houses. 
Low frequency noise source 
to C's house is a knitting mill, 
to D's house is a knitting mil l, 
to E ' s house is a mi ll of cotton-seed oil, 
to F's house is a refrigerator in a supermarket. 
(2) 
(3) Phenomenon of aftersensation: 
Sufferer A is suffered by low frequency noises , which 
are shown in f i g.l . When she heard the sound of 25 Hz in 
our laboratory , the phenomenon of aftersensation occurred. 
After t he sound of 25 Hz was stopped, she heard (felt) the 
sound. This phenomenon may occur of ten in suf fc rers 
who are suffered by low frequency noises. 
(4) Sensation of distance from a low frequency 
noise source : 
The position of an audible normal frequency sound 
source can be identified and there is the sensation o f 
distance from it. But in the case of a low frequency 
noise sourc e there is no sensation of distance from it a nd 
there is some feeling that a whole body is envelopped by 
it. So sometimes sufferers have feelings that they are 
vibrated by low frequency noises. 
(5) Mechanism of occurrence of low frequency noise 
problems : 
low frequency 
noise --~">-ears 
(3) 
Sufferers often consult physicians or neuropathi sts. 
Low frequency noises cause many symptoms of autonomic 
nervous systems in a he a rt or stomach etc. These symptoms 
happen, when a sufferer hears a low frequency noises and a 
brain is stimulated and sorne st resses are caused and the 
stresses cause some influences to autonomic nervous systems 
(the route (1) in fig.3) . It may be supposed that the 
effect of the route (2) is not great e xcept for the noises 
of special large levels. This mechanism resembles to tha t 
of vibration problems. 
'l'hc deve lopment of some low frequency no i s e p roblems 
were as follows . 
(1) One person was annoyed by noisy noises. 
(Normal frequency noise + Low frequency noise) 
(2) He/she became gradually sensitive and nervous to 
noises. 
(3) As the regulation and a countermove were done by dB(A), 
the normal frequency noise was diminished and the low 
frequency noise remained. 
(4) He/she, who was reduced to be sensitive and nervous, 
heard the low freque ncy noise and was suffered by it. 
Norma l ly a low frequency noise is masked by the 
existence of a normal frequency ~oise. But when t his 
masker is removed and only the low frequency noise remains, 
a low frequency noise problem occurs . 
Sufferers hear radios or televisions and open the 
windows of their houses all day long. This shows that 
sufferers want unconsciously to mask the low fr e quenc y 
noises by another sounds. 
Recently in the usual life one of the authors (YAMADA) 
identifies the exis tence of l ow frequency noises of about 
30 Hz f rom trucks or cars etc .. When h e hears low 
frequency noises, he feels disagreeable "the ears are 
pressed by low frequency noises , the chest and head are 
( 4 ) 
vibrated by them, and when the level is high , the body 
vibrates." This is the halfway to become a sufferer by 
learning the low frequency noise . 
Judging from these investigations, the regulatory 
standard of low frequency noises should be below the 
minimum va lues of thresholds of hea ring to prevent the 
occurrence o f low frequency noise problems perfectly . 
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SUi'l'lARY 
Human reaction to infrasonic noise has been examined through 
laboratory experiments and measurements at a working pJcce . The 
production of infrasound for laboratory invest i gation was ach i ev-
ed wi th a low frequency pressure chamber . An examination was also 
made on workers exposed to infrasonic noi se f r om a vent i lation 
system. Different kind of physiolog ical reactions were noticed. 
Infrasound was found to cause an increase in production of HCl 
from the stomach and a reduction of the respir ation rate . Exposi-
tion reduced the systol ic pressure but caused an increase of the 
di astolic pressure . A s l ight r eduction in pr oduction of cortisol 
and adrenaline was also found . In the psychological tests an. 
estimation ot the wakefulness was included . The tendency to fa ll 
asleep dur ing infrasound expos i t i on was clear . The.symptoms of 
tiredness was confirmect t hrough EEG registr ation . 
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INTRODUCTION 
During the las t decades many sour ces of infr asonic noise have 
been ident i fied and i t has also been shown that there are high 
levels of inf r as0und in a variety of environments (Leventhall an~ 
Kyr i ak i des , 1976). The first systemati c and controlled i nvest i ga-
t i ons on whole body exposures were c arr i ed out i n t he s i xties by 
Mohr e t al. (1965) and Gavreau et a l. (1966 ) . Si nce then a var ie-
t y of e ffects of infr asound exposures on humans have been obser -
ved . Infrasound may induce s tress react i ons , balance and audi tory 
sensat i ons , annoyance and f a t igue. The pr e sen t paper is a de-
script ion of some phys i olog ical and psychological r eactions 
fo l lowing whol e body exposi tion t o i nfr asonic noise . 
EXPERIMENTAL PROCEDURE 
I n the present labor a t ory i nvest i gat i on product ion of i nfrasound 
has been achieved with a pressure chamber of the dimens ions 2 , 0 m 
by 1,6 m by 1,2 m (Li ds t r i::im e t al ., 1978) . Adjusti ng t he s i ze of 
the nec k at t he wal l enables the chamber to operate as a Helmholtz 
resonator (Fi gur e 1) . By thi s constr uc tion i t was possibl e to 
tune the chamber with i n t he range o f 5 Hz t o 30 Hz. 
Figure 1. Exter nal and i nternal view of the low frequency chrunber . 
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The sound was produced by eight , 50 \\I (diam. 10") loadspeakers 
which were rtr iven by two 100 \V power ar.iplifiers. The maximum 
infrasound pressure level with closely controlled accous tic para-
me ters fed into the chamber was 135 dB. The chamber was air con-
d i tioned and also provided wi th an intercorrununication system and 
a window. The chamber accomodated a seated subject with an ade-
quate marg in of comfort (Fi gure 1) . The experiments were carried 
out on healthy subjects o f middle age. After being pl aced in the 
chamber the subjects were al l owed to adapt for about 15 minutes . 
The invest i gation was t hen di vi ded into three periods . One hour 
res t, followed by one hour exposition to infrasound (1 6 Hz) or a 
weak soughing noise (50 Hz) simulat ing the infrasonic sound . By 
this arrangement it was possibl e to make t he subjects unconscious 
about the type of sound exposi t ion . The i nvestigation was ended 
wi th one hour rest. 
RESULTS 
By means of a gastric sound placed in the subject , collection of 
gastric ju i ce was made at interval s of 15 minutes . The content of 
HCl was analysed by means of titrat ions. Figure 2 shows the 
effect of infrasonic noise on HCl product i on from the s t omach . 
mmol HCl1 . 15 min 
Re s l E xposure Resl 
1,2 
0 ,8 
0 ,4 
0 
60 120 180 min 
Fi•3ure 2 . Changes in HCl production before , during and after ex-
[XlS ition to in fr asound (125 dB, 16 Hz) in one subject. 
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Of 20 subjects exami ned an increase in HCl produc tion during ex-
position was found in 10. The top value during exposition varied 
between 0 ,43 and 2, 99 mmol HCl/15 min. The avarage peak value was 
1 , 24 mmol HCl/15 min (calculated on subjects affected by the ex-
posit i on) . 
By placing a tension probe on the chest of the subject it was 
possible to reg i s tr ate the rate of breathing. Exposition to the 
high frequency sound (HS) a t 50 Hz did not cause any effect on 
br eathing . Exposition to infrasound (IS) at 16 Hz and 125 dB how-
ever caused a reduction in rate of respiration (Figure 3) . Of 14 
subjects exami ned a reduction was found in 6. 
"Res pi ration rate (IS- HS) 
+ ,8 
Re s t Ex posure Rest 
+4 
0 
- 2 
60 120 180 min 
"'Respiration rate (IS-HS} 
• 0 .5 
0 
__J 
-o.s ~-~--....--~ 
60 120 180 m in 
Figure 3 . Left : Differences in number of pulmonary ventilations 
per minute i n one subject before , during and after exposi tion t o 
infrasound (cal culated as the difference between breathing during 
IS and HS exposition). Breathing was reg istra ted at intervals of 
1- 5 minutes . Exposition to HS or IS was made during the second 
hour. Value at r es t = 15 ventilations per minu t e . Right: The same 
description showi ng an avarage curve calculated from measurements 
on 14 subjec t s. 
No changes was found in EKG and puls ac tivity. Infrasound however 
caused a reduction of t he systolic blood pr essure and an increase 
of the dias tolic pressure (Figure 4). As seen from the figure ,the 
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effect is closely related to t he period of exposure . 
~+1 0l Resl Exposure I Rest ~ 0 ~~0~0~~1~~ JF~6~0~ 
<I ~'V"v vv 
Ill 
¢> 
;; -10 
IJ) 
IJ) 
¢> 
... 
0.+10 
"C 
0 
0 0 IXl 
-10 
" 0 
u; 
.. 
,, 
0 60 120 180 min 
Fig 4, Var iations in systolic/diastolic blood pressure , before , 
during and after infrasonic exposition (16 Hz , 125 dB) . Pressur e 
level before exposition s tandardized to 0 mm Hg. Number of sub-
jects (n) = 20 . 
During the psychological tests i t was poss i ble . t o registrate 
c hanges in wakefulness. The tendency to fall asleep during infra-
sound exposition was c lear (Figure 5). This effect was confirmed 
through EEG registration . 
Figure 5 . Number of occasions 
fal ling asleep (Average value 
per subject ) during infr asonic 
exposition (16 Hz and 12 Hz , 
125 dB). The control group was 
exposed to a weak soughing 
2,0 
1,6 
1,2 
noise at 50 Hz. n=15 per group . 0 ,8 
Time of exposition = 2 hours . 
0,4 
Occasions falling asleep 
16Hz 
14Hz 
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An a ttempt was a l so made to examine t he effect of infrasound on 
stress hormones . Through blood tests from subjects exposed in the 
chamber it was possible to registrate a slight reduction in pro-
duction of cortisol (Figure 6) . 
Anmol cortisol 1 (IS-HS) I blood 
+100 
Rest Exposure Re st 
0 
-100 
60 120 180 min 
Figur 6. Changes of cortisol in the.blood , before , during and 
after exposi tion to infrasound (16 Hz, 125 dB) . For further ex-
planations see text to Figure 3 . n = 12. 
In a further test (Liszka et al . 1978) an investigati on was made 
on per sonal subjected to i nfrasound at their working place 
(6 -12 Hz , 70-90 dB). The test was made on 37 subjects dai l y expo-
sea to i nfrasound from a ventilation system . Time of exposition 
was approximately eight hours per day. After the end of work 
there was a lower l evel of adranaline in their specimen of urine 
compared to the control group exposed to low i nfrasonic noise 
(Figure 7) . 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
109 
ng catecholam ines1 . . 1.5 . min 
w 
1.0 
w 
0 .5 R 
11 
R 
+----------- dB(lin)-dB(A) 
< 25 > 25 
riyure 7. Changes in adrenal ine/noradrenaline secr etion duriny 
rest and work in two groups of workers (n=37) . dB(lin)-dB(A) >25 
=high infrason ic noise , dB(l in)-dB(A) <25 = low infrasonic noise. 
Dotted l ine = noradrenal ine , continous line = adrenaline , W = end 
of work in afternoon , R = before work in the morning. 
DISCUSSION 
Although the work on phys i ologi cal and psychological effects de-
scribed here are sti ll at a somewhat preliminary stage , the 
results of the t ests in general confirm t he hypothesis t ha t infra-
sonic noise can produce di fferent sympt oms of weariness . Present 
observations about r eductions i n wakefulness , as shown by EEG 
r ecordings , are in good agreement with previous invest igation by 
e.g . Fecci e t al . (19 71). The results obtained so far may also 
sugges t that there is a connection between infr asoni c exposure , 
reduced prcx:luction of stress hormones and wakefulness . In what 
extent the observed changes in blood pressure and respir at i on 
rate are involved has not yet been investigated . 
For lower l evels of infrasound, ::innoyance has been suggested to 
be the ma in factor that dicta tes that ex;x:isure above audibili ty 
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t hreshold should be avoided. Present invest igation shows that 
these levels may also be correlated with changes in human physio-
logical reactions, some of which are involved in aler tness . 
The process by which infrasound affects the human reactions remains 
however obscure . There i s a l ot of literatur e (Guignard , 1968 ; 
Stephens , 1971; von Gierke, 1973 ; Leventhall and Kyriakides , 1974 ; 
Johnson, 1975) according to which infrasound can produce a mecha-
nical stimul at i on in d i fferen t parts of the body. There are some 
body r esonances which can be stimulated by infrasound. Abdominal 
resonances have been observed at abou t 10 Hz and thor ax resonan-
ces in the r egion of 20- 70 Hz , depending on the stature and pos-
ture of the subject. It has also been shown that abdomen vibra-
tion may cause d i stress and sickness , whilst excessi ve chest vibra-
tion may interfere with the normal respiratory rhytm (Johnson , 
1973 , von Gierke and Nixon , 1976). Whether present observations 
abou t incr ease in HCl produc tion and reduction in breathing rate 
can be explained by the resonance hypot hesis is not clear yet . 
The situation is also complicated by the fac t that some people 
are particularly sens i tive to infrasound , mor e than others. The 
hypotheses c larifying the way by which infrasound exer t s its 
e ffects upon human have yet l ittle experimental support . It is 
hoped t hat further work will clarify the posi tion. 
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ANNOYANCE CAlJSED BY LChl FREQUENCY/LO# LEVEL NOISE 
H. G. LEVENTHALL, CHELSEA COLLIDE , UNIVERSITY OF LONDON , 
PULTON PLACE, LONDON, 5"6 5PR. 
Summary 
Factors involved in annoyance are di scussed and illustrated with f ield 
experience which shows the limitations of existing criteria when applied 
to low frequency/low level noise . 
Noise criteria are often considered to be deficient when dealing with 
l ow level noise , the effect of which depends on a number of complicated 
factors. The criteria are particularly deficient when the noise is of 
low frequency as well as low level. Significant changes at the low 
frequency end of the spectrum might be clearly perceptible but have a 
negl i gible effect on, for exampl e , the dBA level . It is possible to 
reduce the dBA level whilst increasing the loudness sensation, and 
there is an indication that this may be happening in some noise control 
work where machinery manufacturers are shifting the noise energy out of 
t he range which is significant for dBA, but making the noise subjectively 
louder. In general , low level/low frequency noises become annoying when 
the masking effec t of higher frequencies is absent. This can occur , for 
example , in transmission through walls and propagation over long dis-
tances , since in both thes e cases, higher frequencies are attenuated 
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more rapidly. An important factor in relation to annoyance i s the r ate 
of fall of the spectrum in the middle and higher audio frequencies. The 
more rapid the fall-off, the more annoying i s the noise. 
The assessment of subj ective r esponse to a low frequency noise i s com-
plicated by the individual differences which exist, particularly in the 
region of threshol d . A situation may arise in which only one person in 
a household is affected by a noise and this results in additional 
stresses produced by their isolation. The l ow frequency threshold is 
shown in Fig. 1. There are differences between the lower end of the 
ISO threshold and threshold data obtained in low frequency chambers. 
One point which became clear in threshold measurements was that t here 
is a more sharply defined onset of sensation at t he lower frequencies. 
This is in accordance with variation in equal l oudness contours which 
are known to be much closer together at the lower frequencies. For 
example, the whole range from threshold to feeling i s covered by about 
130 dB at 1()()() Hz but by only about 70 dB at 20 Hz. It is usually 
stated that an i ncrease in level of 10 dB gives a doubling of loudness 
sensation. Whilst this is correct at higher frequencies, the figure i s 
nearer 5 dB per doubling of loudness at the l ower frequencies and l ower 
levels. The overall effect is that there is a more rapid growth in 
loudness sensation with increase of level through threshold at the 
lower frequencies than there is a t higher frequencies. Another factor 
which may be relevant at the lower frequencies is that of microstructure 
in the threshold curve. It is known that in the region of 1000 to 1500 
Hz the threshold may vary by as much as 15 dB over a range of about 
20 Hz. If it is shown that the lower frequency region, i.e. 10 to 100 
Hz, i s subject to similar fluctuations, an explanation of some of the 
wide differences in individual response could follow. So far we have 
only looked for the low frequency microstructure in a few subjects and 
were unable to find it. 
One effect in the low frequency region is that of "tuni ng in'' . Here the 
annoyance of the noise increases with time, sometimes apparently assoc-
iated with an increased loudness effect. Accommodation to noise, which 
often occurs at h igher frequencies, appears to be more difficult at the 
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lower end. The subject becomes increasingly sensitive to the noise and , 
after a protracted period, may develop physical symptoms which cannot 
be explained i n terms of direct action of the noise on the body. The 
symptoms are typical of those produced by stress, e.g. headaches, pains 
in the neck, arms and legs, digestive disorders. The symptoms can be 
produced by noises at very moderate dBA levels. 
A further effect is related to whether or not the noise source is 
identifiable. I f it is identifiable, there is a focus for the complaint 
about the noise, but it is not always possible to achieve a satisfactory 
outcome. For example, the Environment al Health Officer might be called 
in, but on the basis of the dBA reading which he would normally take , 
he may feel that noise criteria are not exceeded. Further, if he him-
self canno t hear the noise, he could find .it difficult to press mat ters 
on behalf of the complainant. An unidentifiable source presents par-
ticular difficulties which are magnified if only a few people hear the 
noise. What can you do about a noise if you do not know where it comes 
frorrf? This is a situation with many examples of environmental low 
frequency noise complaints. A further complicating factor is the 
possibility of low frequency tinnitus. Our own work has convinced 
us that some low frequency noise complainants do s uffer from tinnitus, 
just as we are equally convinced that some do not. One should not take 
the easy way out and dismiss all complainants as tinnitus sufferers , 
although this may be more likely when only one person hears a noise 
from an unidentifiable source. There may be the possibility of a 
combination of a spectrum peak in the noise with a sensitivity peak 
in the threshold , assuming these occur. 
A substantial number of people are disturbed by low frequency noise. 
We have carried out surveys of complainants who were asked to complete 
an hourly questionnaire rating their subjective appreciation of the 
noise on a five point scale from absent through 'Quiet' , 'Mild', 
'Heavy', 'Very Heavy' and 'Violent ' (these are the descriptions chosen 
by the subjects). Fig. 2 shows a typical month ' s r esponse in which the 
average responses of about 30 people are shown throughout the day for 
different days in the month. The overal l picture is o'f increased 
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annoyance in the early hours of the morning and late at night. The 
average responses by time of day over a three month period indicated 
that in the early hours of the morning, the people who were disturbed 
by a low frequency noise , classified it, on average, as 'Heavy'. The 
noise eased around mid-day but worsened as the evening progressed. 
These people were not only annoyed, some of t hem were very badly upset , 
even to the point of becoming suicidal. The fact that they filled in 
survey fo rms for each hour of the day over a long period is an indication 
of their motivation and of the effect which the noise was having on them. 
Some examples of annoying low frequency/low level noises are as follows: 
Fig. 3 shows two examples of noise in living accommodation produced by 
machinery in adjacent premises. Both occurred in Central London and 
were causes of persistent complaints leading to threats of legal action. 
The levels are low, but a one third octave analysis of this type, which 
averages the signal, does not reveal the true nature of the noises. 
They both had an unpleasant throbbing characteristic of about one per 
second and it was this which made the.noises particularly noticeable 
and unpleasant rather than their average levels. They may have been 
tolerable if t hey had not been fluctuating. Fig. 4 gives the noise 
f rom a boilerhouse. Again average levels are shown, and although these 
are beneath the normal threshold there were fluctuations which could 
have caused thresholds to be exceeded and result in complaints from a 
sensitive person. There are no criteria which could have judged this 
noise to be excessive , but persistent complaints resulted in an abate-
ment order. However, the complainant moved house before work could be 
carried out. Fig. 5 is an example of lift noise in a block of apart-
ments . The locat ion was particularly quiet at night and the noise is 
more than 10 dB above background. The complain t was of sleep disturbance 
at night. Assessment of the noise in terms of, for example, Leq 1 gives 
only a small increase above background because of the few lift movements 
involved . However, if a complainant is woken up several times an hour 
throughout the night, it is of no help to tell him that the equivalent 
level is still quite l ow. Clearly a sleep disturbance criterion is 
required. The tenant took legal action against the owners of the 
apartments, but the case was settled out of Court with several thousand 
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pounds compensation and a move to another f lat . 
Fig . 6 illustrates an environmental noise fro~ an unknown source. The 
complainant was able to dis tinguish the level changes although the Pxper-
imenter could not hear either noise. This analysis is also an average so 
that f luctuations could be somewha t greater than t he levels shown. Fi g . 7 
shows noise measured on two different occasions at a location in the New 
Forest. There i s variation within a fairly short period of time on each 
occasion. In one case there is an increase overall of about 10 dB after 
a half hour interval whilst , on the s econd occasion , there is a decreasP 
of about ?.O dB over a similar interval . 
These i ns tances of annoying low frequency/Jaw level noise indicate the 
need for eJq>ansion of exis t ing criteria. Are we t o have criteria which 
cover t he more sensitive people as well as those of average sensitivi ty? 
How are we to assess a throbbing characteristic of a noise and how are we 
to account for sleep disturbance, individual t hreshold differences and 
low frequency tinnitus? 
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PHYSIOLOGICAL PARAMETERS IN HUMAN RESPONSE TO I NFRASOUND 
o. Okai (Dept. Physiol. Kyorin Univ. Sch. of i'led ., Shi nkawa 
6-20-2, Mitaka, Tokyo 181,), M. Saito, M. Taki, A. Mochizuki 
(Inst Med. Elec., Fae. Med, Univ. Tokyo) N. Nishiwaki, 
T, Mori , M. Fujio (Nishiwaki Labo.), 
This paper deals wit h human physiological parameters , in-
cluding threshol d of sensation , in response to infrasound 
(IFS). The results yielded are as follows: 1) threshold of 
sensation for a sensitive subject to IFS is much lower than 
that for normal o nes , 2) both heart and respiratory rates 
decreased during first one- minute IFS exposure , while the 
rates increased during one- hour 120 dB I FS exposure, 3) 
change in the respiratory rhythr.1 for a sensitive subject to 
I FS took place during one-hour 120 dB exposure , 4) sphygmo-
gram of pulmonary circul ation indicated that amplitude of 
the wave increased with increasing IFS level , 5) blinking 
r a te also increased during IFS exposure with i ncreasing fre-
quency, 6) alpha rhythm amplitude of EEG decreased during 
exposure of IFS intensity of juzta-threshold intensity, 7) 
Driving effect of IFS was most remarkable at 9 Hz. 8) Nys-
tagmus was observed in a case of overworked subject during 
20-minute l20dB IFS exposure, 9) nausea and-vomiting was 
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Shown in a subject with a cold during latest phase of 10 
minutes IFS exposure. 
1. Introduction 
Modern industrial machines sometimes generate a high level 
steady IFS. Probably, man has long been exposed to natural 
and artificial IFS. Recently, an attention is directed to 
various physiological effects on man which are a ttribut able 
to artificial IFS. We have been conducting researches on 
this effects. 
2. Methods 
Experimental arrangement : For the measurement of human 
physiological parameters an experimental set-up consisting 
of relatively smal l room with excellecnt electrical and 
acoustic shieldings was prepared. In this room an examinee 
was comfortably sit or lay down. This is also equipped with 
a n array of speakers of considerably large outputs and an 
e lectronic system for the moni.tor i ng of the parameters. The 
I FS field can be controlled up to some lOOdB at the pos ition 
of the examinee, while background noise is kept below 50 dB . 
Firstly , the threshold of sensation for the IFS was examined 
by a conventional threshold-detecting techniqe in the 
subject. Secondly, physio logical responses were observed 
from outside of the shield room . The measurement are made, 
for example on heart rate, blood pressure, respiratory 
frequency, sphygmogram of pulmonal circulation, EEG and 
blinking. 
Phys iological parameters: Physiological parameters were 
detected by the maneuvers: 1) heart rate by sphygmograpi1 
following attached on a finger, 2) blood~pressure by Riva-
Rocci procedure, 3) respiratory frequency by impedance 
plethysmo graph (electrodes were placed on the chest and the 
back of right side), 4) sphygmogram was measured by the same 
procedure as repiratory frequency with the breath-hold ing, 
5) EEG electrodes were placed at the temporal and mastoidal 
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regions , 6 ) blinking by an electrocardiograph (electrodes 
were placed at superior and inferior palpaeblae) , 7) move-
ment of the stomach was by a baloon, fieled with water, 
inserted in the stomach of a dog . 
Exposure time , frequency and intensity of I FS : Exposure time 
was from one minute to one hour. The range of frequency 
covered wa s from 8 to 50 Hz. The sound pressure level was 
varied from 50 to 130 dB . The frequency wad selected among 
various f~equencies which was most uncomfortable for a 
subject . 
Subjects: The examiners were 20 to 60 years old, 28 male a nd 
2 female, Two of them were sensiti ve to infrasound , one was 
overworked and another one had caught a cold. 
3. Results and discussi on 
'fhreshold of sensation : For the measure-
ment of the threshold (Fi g. 1 ) of sen-
sation the intensity of the IFS in the 
shielding r oom i s raised from the value. 
well over the threshold , unti l the 
subject recognized that he can feel th~ 
IFS, or the i ntensity is reduced from 
the value well below the thresold . Th en, 
~ 
he pushes a switch to provide the record Fi g. l_Threfsholds.of 
sensation or various 
of his threshold for each frequency. In low frequencies. 
this case infrasound is acompained by higher masking fre-
quencies such as white noise at 72 dB over all sound pres-
sure [4,5) . 
The result 28 healthy subjects is shown by the so lid line 
in Fig. 1. This resul was v ery reproducible and agree well 
with t he result previously reported [1 , 2,6 , 7) . we noticed, 
however , a very interesting phenomen : Among subjects with 
the compl~ints of the environmental IFS, t~rre are . those 
people who seem to be more sensitive or tov nervous to the 
IFS . Several of such subjects are invited to become 
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exminee , with the results shown by 
dashed- line in ~ig . 1 . It should be noted 
that t he results for these people were 
quite reproducible. Thus , undoub t edly 
t hese s ubjects can sense the I FS well 
below t hreshold for normal subjects (30dB 
a t maximum) . The differ ence bet ween the 
sensiti ve and normal people is remarkable 
in some time at lower frequencies and in 
other time a t higher frequencies. 
Physiological effects 
Heart rate : Various physiologica l exami-
nation were made exposure to relatively 
strong fiel d of 10 and 20 Hz at 100 dB. 
Fig. 2 Sphygmogram 
<luring 1-minute IFS 
exposure of l O(b) and 
20 Hz (c) a t 100 dB; 
(a) control . 
Heart ra t e was calculated by shygmogram . 
Heart rate, f or example, decreased duri ng 8 ~ 
. ..
o ne- minut e exposure (Fig . 2). 
"' The results i n 30 subject s are . shown i n 
Fig . 3 . I f the heart rat e ratio (HRR) 
denotes the heart rate exposed to I~S 
d i v i ded by the control heart rate , HRa a re 
~ '·' 
~ 
"' 
l.l~l_,l,,._11,..U~l,.-I _,,11_,l,,._J ""1.1,.-1'°"• -,,.-
18ss than unity. But thereafter, HRR in-
creases during one- hour IFS exposure (Fi g. 
4): Heart rate may be accelerated of de-
celerated partl y by t he respiratory 
center because heart rat e chages a l onq 
wit h the resp iratory rate under I FS 
exposure . (Fi g . 6). Simil ar r esults 
were reported elsewhere [SJ. 
Bl ood Pressure: Under one hour in-
f r asound exposure of various fre -
quenci es at 120 dB no speci a l trend 
FREQUENCY (Hz ) 
Fig . 3 Resul t s of 
heart rate duri ng 
I-minute IFS exposure 
of various frequen ci es· 
at 100 dB. Vert ical 
bar s i ndicate S.O. 
of blood pressure was obsarved. Fig. 4 Resu l ts of heart Yat e duri ng 
Al most the same observation 1- hour IFS exposure at 120 dB for 30 
was reported [ 7) . subjects. Vertical bars indicate S. I).. 
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Respiratory rate and wave 
form: One of the conspic-
uous results was t he ef-
fect on respira t ory f unc-
tion. In most 
especially at the onset of 
IFS exposure, there was a 
d i sturbances in the re-
125 
exposure. 
piratory waveform fo llowed by a n increase 
in the rate of respiration, when IFS was 
s t opped . An example of the resj?iratofy 
wave form i s shown in Fig. 5; the arrows ,. 
"' u 
I 
. OFf 
during 
of 2 5 llz at 110 
start and end 
indicate the onset a nd the end of the IFS 0 ~ exj?osure. Fi g. 6 shows the results of 28 ~ 
healthy subjects . I f respiratory rate ratio~ •·•--+~,,.,..,~-:':-:~.-b-
' It JU U fl U ll ,111 ~ 
(RRR) denote s the respiratory rate under FREQUENCY <Hzl. 
IFS e xposure d ivided by control respiratory Fie . 6 Respitatory 
. . rate ratio durin g 
rate, the ratios a r e l ess than unity, i.e . 'one-minute IFS e~-
RRR decreases under IFS expos ure. But RRR posure of various 
increases during one-hour IFS exposure 
(Fig . 7 ) . Al mos t the same studies were re-
frequency at 110 dB. 
\'ertical vars indi-
cate S.D .. 
ported elsewhere[l , 5,7) . Especia lly , 
one of the r emarkable changes in 
respiration caused by one-hour IFS 
exposure at 120 dB, was the change 
in respi ratory rhyt hm (Fig. 8) . This 
may be caused by the effect of IFS on 
the l ung, and/or by the vestibulo- re-
spiratory reflex. Further studies 
about this should be require d . 
Sj?hygmogram of pulmonal cir-
culation: IFS also affects 
pulmonary circulation (Fig . 9) 
Fig. 8 Chanses in respiratory 
rhythm; Sphygmogram was superimposed 
on respiratory wave. 
r 
, ; 
Fig. 7 Respiratory rate 
ratio during one-hour expo -
sure at 120 dB. Vertical 
bars i ndicates S.D .. 
- 1 sec i n 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg. Denmark 
126 
Heart rate decreased and the ampli- 1 sec 
tude of the sphygmogram increases • :1111111 f': :rn · ~Tn l1j 
with inc~easing t~e intensit~ of ~rfu , ,"" _ J~· . ' J 
I FS An i ncrease in the amplitude . ~ff! · . . w~r ·: 'l 
may . be due to an increase in cardi-·· ~N/:~11~. 
ac out put and/or in compliance of . M:lY'fJm & I 
t he total pulmonary vascular bed . (a) (b ) (c) 
EEG : At the IFS i ntensity close to 
the sensation threshold the sup-
pression of the amplitude of the 
EEG alpha wave is frequently 
observed (Fig. 10). ~lthough it 
mechanism is still unknown, this 
effect may be utilized as an ob-
Fi g. 9 Sphygmogram(bottom) of 
plllmonal circu lat ion. In the 
top tracing the amplitude is 
propotional to rrs intensity; 
(a) control; (b) 65-70 dB; 
(c) lOOdB 
I sec 
jecteve measure for determining 
the threshold of sensation . When Vig. 10 Alpha wave(bottom) cal -cul ated from EEG(top) under IFS 
the subject was exposed t o stron'l- exposure at 60(1eft panel) and 
. · 96 dB( ri ght panel) . 
er field over l OOdB , with frequen-
c y close to t hat of the original • '"' 
alpha rhythm of the subject, syn-~"·.-A~ ~~ 
chronization of al;:iha rhythm to "l.aua "" ICl!l!Cl!S'••ll ,1 mTY' 
the dr i ving frequency is oft en ""' 
observed (Fig. 11): the same Fig. 11 Synchronizat ion of alpha 
rvthm(bottom) cal culated from 
studies were reported elswhere [ 6 J "EEG (top). 
Bl inking: IFS changed from 8 to 
50 Hz by a step of 1/3 octave 
a t 120 dB was given to the sub-
jects . Five-minute IFS exposure 
for various f requencies and 
five-minute interval were al t er-
nated. I f blinking ratio denotes 
blinking rate for IFS ex?osure 
divided by blinking for the ante-
Fig. 12 Bl inking ratios under IFS ex-
" 
posure of var ious frequencies at 120dB . Vertical bars show S.D .. 
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cedent interval, the ratio increased ~ith increasing f re-
quency , (Pig. 12). An increase in blinking rate may be due to 
an increase i n the velocity o f t he wind with increas ing fre-
quency . 
Movement of 
stomach: Pig . 
13 shows the 
pressure 
change in the 
s tomach . A 
signal of lOHz 
a t 130 dB su-
SEC 
ECG 
! . 1 • • 1 • !1 .• ' '; - / 1 1 · ' . 1 mV 
: I . I . n~·';-,~:;·rt:.·1-,,·~ I 1 
i - I · 1 • • mm1-k; 
~11 VP 
10Hz lOHr 
perimpose Fig . 13 Pressure shage under IFS exposure of 10 Hz( l ef t 
o n E CG in uppei!left) and 20 Hz (right) at 130 dB. 
tracing and pressure change caused by IFS appears in the 
lower tracing of the left panal. On ECG record(upper tracing 
o f the right panel) s i gnal of 20 Hz is superimposed . But no 
remarkable c hange appears in the l ower tracing of the right 
panel . These evidences suggest that the stomach of a dog may 
be affected by 10 Hz IFS at 130 dB through the abdominal 
wall and this fact may possibly be true on human examinees . 
Nystagmus: A overworked subject was 
exposed to IFS of 2 0 Hz at 120 dB 
during one hour . Aft er twent y min-
ute s exposure nystagmus took p lace . 
- 1 sec J 1 mV 
~JmI ~JiliHtlUi 
The subject felt surounding struc- Fig . 14 Nystagmus under IFS 
ture shakenlike erthquake. As soon exposur e o f 20 Hz at 130 dB 
as the IFS was ceased , the ~~~~~ shows the end of expo-
nys tagmus disappears (Pig. 14 ). Some reported the presence 
of nystagmus(6,7) , others reported the absence of nystagmus 
( 8). Our consideration about t his will be discussed later . 
Nausea and vomiting : A subject, with a cold , s howed .neusea 
and vomiti ng during ten minutes IFS exposure of 20 Hz at 120 
dB. Fig . 15 shows t he phys iological signs where heart and 
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respiratory rates indicate ir-
regular patterns. High frequen-
cy blinking is also observed. 
The same reports appeared else-
where [7,9,10]. These signs may 
be attributable mainly to the 
disorder of the digestive 
system and to the vestiburo-
in tes tinal ref l e x. The discus-
s ion about this will be 
discribed later . 
(a) 
(h) 
( c) 
Effect of I FS on human: In gen-
eral the effect of IFS on human 
Fig. 15 Physiological respones 
when nausea and vomitting take 
place under IrS exposure of 20 Hz 
at 120 clB; Time marker shows I sec. 
may probably depend on intencity,(a) respiratory \¥ave, (b)brinking 
frequency and exposure time of (c) heart rate wave. 
IFS, together with the cond i -
tions of the subject. If envi-
ronmental and body factors de-
note the total effect of IFS and 
the effect on individual, respec-
trvely, effective environmental 
factor can be expressed as envi 
ronrnental factor minus body 
f actor. Environmenta l factor is 
an int egration of intensity and 
~ Tl~ FACTOR 
i -
i, ~-· ~c< -
.--- ... ..... I~FLUENCE FACTOR 
! ~~E I L~-~E __ _________ -·---___ : 
r-ig. 16 Shemat ic repres entation 
of the effect of IFS in human. 
frequency of the IFS. Body factor also indicates a resist-
ance against an illness . Consequently effe c tive environmen-
tal factor may be measure the real effect of IFS on human. 
Furthermore, the effective environmental factor multiplied 
by time factor, which means exposure time of IFS, makes 
influence index indicates the total measure of the effect 
on human (Fig . 16). 
The more people show a symtom, the influence i ndex for the 
symptom may have theless value . When the measure is more 
than the threshold of , for example, mystagmus, the subject 
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may show nystagmus. From this hypothesis nystagmus, nausea 
and vomiting are discussed here. \Ve observed nystagmus of a 
subject exposed to IFS of 20 minutes at 120 dB. The same 
subject may need 17.1 minutes under the IFS at 140 dB from 
a simple calculation. In the study of Jonson[9] the ex;::iosure 
time may not be sufficient to produce nystagmus. As for nau-
sea and vomiting the value of influence inde x i s so great 
that few people show the symptom. When he falls ill, the 
measure becomes greater and the symptom may take place. 
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CHANGES IN f0~1E f.'PYSIOLOGICAL /\ND PHAPM.l'Cf'DVNAMIC 
PARA'IETERS AFTER EXPOSURE TO LO"' FRE(VENCY VIBRJITION 
A,S'lAN, v .vorcu , I.MAGHETI , Marilena JIOUIDI ~ C , PAUN 
Acoustical Commission o f the Academy of the Socialist 
Republ ic of Ro~ania 
SU!!!!!!!!.!;:L:_ A series of experiments were carried out on 
Wistar rats exposed to low frequencv v i brations in 
tte 7- 20 Hz range and pressure level s o f 120 -14 0 dB 
The effects of the exposur e were i nvestigat ed b v 
pha rmacodynamic tests , ECG recordings and follow 
up o f b ehavioural changes , 
Today it is common knowledge th?t exposure of t he 
huma n body to low-frequency vibrations at levels exceeding 
120 dB , generates a number o f distur bances in the body 
functions, whose intens ity is correlated to the lev els of 
infra-sound pressur e ( l-6; 8; 10 ; 12), It is admitted 
that pa r t of the disturbances observed are consequent to 
excessiv e unsp ecific stress of the org?ni sm; it is not, 
however, possible to extend t hi s not i o n t o the interpre-
tation o f an important number of char.9es in the functions 
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of various orga~s and syst ems of the cody exposed to low-
frequency vibrations. 
The present paper is des igned to the study of s ome 
disturbances in the functions of the ce~tral nervous svs-
tem and of the cardio-vascular system , as well as to the 
possible patho-physiological mechani s ms invol ved in the 
genesis of the effects observed. 
Material and method~ 
The experiment was carried out o n Wistar rats of 
both sexe s, weighing 160 -1 70 g, 
Exposure to low- frequency vibrations took place in a 
small-sized pressure chamber, 
The system of emission and recei:-tion of low-frequen-
cy signals is characterized by the following data: the 
electric signal at the outl et of the low-frequency gene-
rator passes through the RFT LV 102 rower ampl if ier , after 
which it is transroitted to an electrodynamic RFT 11075 ex-
citator, The periodical movement of the mechanical system 
of the excitator is conveyed through an elastic membrane 
in the form of low-frequency vibrat ions, to the above"'!llen-
tioned chamber, The reception system permits the roeasure-
ment of the level of infra - sound pressure during the de-
terminations, The acoustic signal is c a ptured through the 
B and K 4146 microphone (together with the carrier frea -
uency system 2631) and measured with a B and K 2607 amj'.'l i-
fier and a B a nd K 1614 set of filters, Vibrations in the 
low-frequency pressure chamber were likewise mesured bv 
the B and K accelerometers. The accelera tion levels showed 
low vibration values , permitting delimitation of the ac-
tion of low-frequency vibrat i ons f r om t hat of the vibra-
tions produced by the installatio n itself, 
The ani~als were exposed simultaneously in lots of 
6-12 to vibrations at frequencies of 7; 14 and 20 HZ and 
to pressure levels of 137-140 dB, They were exposed for 
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2-3 hours , e ither during single srells o r during spells 
repea t ed within 24 hours . Changes in animal behav i our were 
cheked a nd the ECG recorded before and a f ter exrosure, es -
tablishing the duratio n of sleep, l atency i n the onset of 
the effects of pent otha l and chloralhydrate , a nd the a l -
t erations in t he spec i f ic effect s of oxotremo rin. 
~ 
The f ol lowing results were obt a ined: 
(a) In t he normal animals exposed to freauencies of 
7 - 14 - 20 Hz and Lp=l37 - 140 dB 1 the following changes in mo-
t or activity and behaviour wer e r eco rC:ed : 
after 1 5 - 20 minutes, marked diminutio n i n motor activity, 
s hort periods of agitat ion a nd , at t h e beg inning of each 
expo sure , panic and a nxiety; sedation then fol l owe d a nd 
increased with the duration of exposure , 
(b) Af ter 2-3 hours exposure to 14 HZ and Lp=l37 dB, 
EentothaL administred i n a dose of 70 mg/kg b,w, by i.m, 
route induced: 
- depres~ ive effects which were in general definetly 
more intense than i n the non- exposed control lot ; and 
- increa s e in the effects 15 minutes a f ter adminis-
tration o f the drug, 
(c) ~remorine i n a s . c . dos e of 0 ,1 mg/kg b ,w, 
produc e s in additio n tremor of short duration. 
- a s.c . dose of D,2 mg /kg b.w. results in dissoci-
ation (as compared to the co ntrol lot) between tremor, 
exopht halmos and chro modacryorrhe a; 
- hypersalivat ion disappears and chromodacryorrhea 
is strongly reduced in compar ison to the c ontrol s. 
(d) The same experiments r epeated with the s ame lot 
during two hours , five days running , produced marked s e -
dation, the a n imals r ecovered transiently from the rRn-
tothal-induced s l eep, 15-20 minutes a fter administration 
of the narcosis type lasting several hours, 
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(e) Oxotremorine has definitely lower effects in the 
exposed than in control lot, 
(f) The ECG was recorded in the rats receiving ~ 
ral hydrate bef ore and after exposur e to infrasounds for 
60 minutes. This l ot a l so showed a net decrease in the 
heart rate and marked increase in the duration of narcosis 
which augmented from 4 5 minutes to 3-4 hours after expo-
sure, 
Discussio n and conclusions 
I n experiments , according to various experimental 
models, o n the effects of exposure to vibra tions of dif-
ferent frequencies and levels , several authors noted be-
havioural or endocrine alterations (l-8) , changes in the 
contractile activity of the vascular smooth muscle (6; 9 1 
11), heart rate d isturbances, c hanges i n blood pressure, 
respiratory alterations or even lethal effects (l-!J; 10), 
Our data furnish evidenc e of psycho-motor distur-
bances and marked sedative effects in t he exposed ani mals, 
Qualitative changes occured in depression induced 
by pentothal and a pro longed effect as compared to the 
control l o t . The effects of oxotremorine were also modi-
fied qua nt itatively , with a net diminution in the exposed 
animal s and dissociation between t remor, exophthalmos and 
chranodacryorrhea o n the one hand and hyper - salivation o n 
the other , 
These changes under the influence of pentothal sug-
gest their correlation with the functional changes brought 
about by infra-sound v ibrations at the level of the reti-
cular f o rmation. Lending support t o this assumption are 
also the data of Mayer-Schwartz and coworkers (7) , which 
shows that sound vibrations el icit changes in the electro -
dermal response - a phenomenon invol ving the function of 
the activating reticular system, 
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Changes in the effects of oxotremorine suggest im-
plication of the central and peripheral cholinergic system 
in animals exposed to ifra-sound vil::rations ( 13). 
Dissociation of the typical effects of oxotremorine 
also suggests the unequal influenc e of vibrations on th e 
cholinergic system and other funct ions of the nervous sys-
tem in the exposed animals. 
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THE EFFECT OF IFRASOUND ENV IRONMENT (!SE) COMB INED WITH 
TRANQUI LIZI NG AGENTS ON LOCOMOTION AND CATECHOLAMINES (CA) 
BRAIN LEVELS OF RATS. 
Papadopoulou Z. , Zis B. and Ch. Spyraki 
Laboratory of Experimental Pha rmacology, Medical School, 
University of Athens, Goud i 609 - Athens - Greece. 
Sanvnary 
The mot or activity and the catecholamines (CA) brain levels of rats 
were de termined following acute and repeated exposure to ISE or to ISE 
combined with t ranquil izing agents as diazepam or barbiturate. 
Results indicated t hat although the motor acti vity levels were 
decreased after acute !SE exposure and not altered after repeated one, 
whole bra in catecholamines levels were decreased in both cases. !SE 
exhibited an antagonizing ef fect upon the depression act ion of tra nqui-
1 izers on t he locomotor acti vity . 
Biochemica l analysis showed a decrease of DA brain levels af ter ISE-
tranquil izers combi nation. The NE brain levels were increased only 
when ISE was combined with diazepam . 
The observed behaviora l and biochemical changes are discussed. 
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INTRODUCTION 
Several authors 4,5,7 have demonstrated that ISE can seriously 
affect human beings by provoking physiological and psychological 
changes. 
In previous work we have shown that rats after exposure to !SE of 
different frequencies (2 Hz-105 dB;7Hz-122dB;16Hz-124 dB ) exhibited 
suppressed locomotor activity 9 , impaired acquisition and retention 
of a conditioned avoidance response 10 and a decrease of brain Nore-
pinephrine (NE) levels 15 
On the other hand minor tranquilizers have long been known to pro-
voke behavioral and biochemical changes in experimental animals 2,6, 
8,11, 12 ,13,14,16 . 
The fact that minor tranquil izers are among the most widely used 
drugs in clinical practice and the fact that infrasounds are now very 
often established in every day activities, prompted t his investigation . 
In this work we extended the study on the effects of minor tranqui-
1 izers combined with ISE on behavioral and biochemical aspects. We have 
chosen as minor tranquilizers diazepam and pento barbital sodi um in 
suitable doses and among the different frequencies of ISE studied pre-
viousl y, this one which provoked a more pronouced effect. 
METHOD 
Animal s : Male and female rats of Wistar strain weighing 200±300 gr. 
were-u5ed . The animals were kept under standard condit ions (temperature 
22±2°c, light on between 8.00 and 20.00 hrs) and with free access to 
food and water. The animals were housed five per cage. 
Apparatus: The apparatus used were: 
1. Activity recording system (Ugo Basile , Mi lano, Italy), which consi-
sted of the animal chamber and the counter and recorder incorporated 
into the electric unit. 
2. Aminco- Bo\\!Tlan Spectrofluorometer (AIC). 
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3. !SE generation system consisting of a low voltage supply and the 
infrasound chamber. 
Proc:edure: 
~~e~~i~~~!_!:~2~2~!2~-~~!!~!!t 
The experiment was carried out with 70 rats. They were divided into 
7 groups, each containing 10 animals and receiving a different treat-
ment. The seven formed groups were: 
1. Saline (control group) 0.5 ml i.p. 
2. !SE (infrasound env ironment)-acute exposure-(a) 
3. ISE;l6 Hz-124dB for one hour- repeated exposure-(b) 
4. Diazepam-5 mgr/kgr i.p . (Val i um-Hoffman Laroche) 
5. Pentobarbital sodium-25 mgr/kgr i.p. (Nembutal-Abbott) 
6. Diazepam-5 mgr/kgr i.p. + ISE;l6 Hz, 124 dB for one hour 
7. Pentobarbital sod ium-25 mgr/kgr. i.p. + ISE;16 Hz, 124 dB for one 
hour. 
Rats were exposed to ana logous treatment once a day for four con-
cecutive days. 
The spontaneous locomotor activity was determined with the use of 
the Activity recording system which was located in a sound-insulated, 
light and temperature controlled cubicle and was carried out at the 
same time of the day. For each rat the number of movements during 30 
min was automatically recorded on the counter. The data were printed 
every 5 min . so that the 30 min. session was divided into six 5-min 
intervals. Group 2 was tested under infrasound condit ions by placing 
the activity cage inside the infrasound chamber. The spontaneous lo-
comotor activity of the five remaining groups was estimated 24 hours 
after the last treatment in a normal environment. 
The statistical analysis of the data was performed by using the 
t-test method. 
~~e~~!~~~!_!!:_~~!!~~!i2~_2f _~2~~e!~~e~~!~~-~~9_Q2e~~!~~ 
In this experiment as in the first one t he same seven groups.were 
formed. At the completion of locomotor activity testing, all rats were 
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killed by cervical fracture and the brains (minus cerebellum) were 
rapidly taken out, wei ghed and immed iately frozen until used. NE and 
DA were estimated fluorometrically by the method of Anton and Sayre 
The decay time of NE and DA was controlled in a series of experiments 
and the chosen storage time (5 days) was the same for all groups. 
The statistica l anal ys is of the data was performed by using the 
Student t-test. 
RES UL TS 
~: -~2~2~!2~-~~!!~!!~· 
Motor activity levels of controls and of treated animal s are depic ted 
in Fig. 1. MOTOR ACTIVITY 
~ISE • 
i ._. COr'lt r'Ol 
* 
......... Pentobarbital Sodilr.1 
90 
80 
70 
60 
00 
40 
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1.. <>· •<:I Pootobarbt,.1 Sodium<JSE 
l ··· ···-l 
r_ l / .. ····1·•• 1 
~~ 
10 1~ 20 26 30 
Time in mi nutes 
Fig.I: Effect of acute (a) infrasound exposure, repeated one (b}, dia-
zepam, diazepam+ISE, barbitutate, barbiturate+ISE on spontaneous 
locomotor activity. 
Eac h value represents the mean of 10 animals in each group (verti -
cal bars:means ±SD). 
Statistically significant difference at *p < 0,1**p<0,01, 
***p < 0,001. 
Acute exposure to !SE altered the rats' moti lity by producing a slight 
increase the first 20 minutes. This increase progressively diminishes 
and turns to a decrease over the 30 min period, which is more pronounced 
at the end of a two hours session. 
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Repeated exposure to ISE for one hour during four consecutive days 
didn't affect the activ ity level of the experimental animals as compared 
to the saline group. 
In contras t to diazepam or barbiturate given alone, combination with 
infra sounds increased the locomotor activity. 
This antagonizing effect of ISE , less stronger with barbiturate t han 
with diazepam was statistically significant. 
2. NE and DA level s 
Results reported on table I demonstrate that administration of dia-
zepam or barbiturate alone produced no appreciable effect on the NE or 
DA levels of whole brain. ISE exposed rats displayed decrease of whole 
brain CA l evels. 
ISE-diazepam combination increased significantly the NE brain levels 
and decreased the DA ones . The combination of ISE wi th barbiturate didn't 
have any effect on NE concentration, but it provoked a slight increment 
of DA l evels reduced by barbiturate given alone. 
TABLE I: CA BRAIN LEVELS (in µgr/gr of brain tissue). 
GROUPS NE DA 
Controls 0.61 (±0.02) 1. 11 ( ±0 .14) 
!SE 0.52 (±0 .03)** 0.91 (±0.12) 
Diazepam 0.60 (±0.04) 0.91 (±0 .17) 
Barbiturat e 0.63 ( ±0.04) 0.80 (±0.07)* 
Di azepam+ I SE 0.82 ( ±0.03)~~~ 0.85 ( ±0. 07) 
Barbiturate+ I SE 0.63 (±0.04) 0.84 (±0.05)* 
Significantly different *(p< 0.1) **(p=0 .02) ***(p < 0.001) from 
controls; ... ( p < 0. 001) from di azepam. 
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DISCUSS ION 
The results led to the conclusion that ISE may change behavio ral and 
biochemical parameters of rats. 
The acute exposure to ISE provo ke during the fir st 20 min., an in-
crease in locomotion, which can be associated with the novel envi ronment. 
After 30 min., a period of depression- l ike state starts and i t persists 
for a long time. Repeated exposure to !SE for a period of 5 days doesn't 
alter the activity level, which is determined in a normal environment. 
This fact give us the possibility to assume the hypothesis that infra-
sounds may have some discrete sites of action, the activation and de-
sensibil ization of which, could be r el atively respons ible for this dual 
effect. 
The formulated hypothesis of discrete si tes of action of infrasounds 
may al so be supported by our results on the combination of !SE with 
pharmacol ogical agents. It is now well established that minor tranqui-
lizers, especiall y benzodiazepines act via their own receptors 3 . 
The suppressed locomotion by the minor tranqui lizers is restored when 
the two substances are combined with ISE. Is this an antagonizing ef-
fect excerced via a conmon site of action, or simply ISE does establish 
a very strong stress, which cannot be affronted by mi nor tranquilizers? 
The behavioral changes seen correlate with the biochemical results. 
The increase in NE level s after ISE-diazepam treatment may be associated 
with the behavioral "excitation" which is more pronounced in Diazepam-
ISE combinat ion than in !SE-barbiturate one . 
We don't expect to infer clinical implication from our findings or 
to involve the emerged hypothesis in an explanation of a mechanism of 
action. We want only to notice that ISE provoke behavioral and bioche-
mical changes underlaying CNS activ i ty and that an antagonizing effect 
upon minor tranqui l izers action exists. 
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Summa r y 
The study of mi crophon i c potentia l and intracoc hlear 
sound pressure in guinea pigs seems to show that the behaviour 
of the coc hlea a t very low f requencies is controlled by three 
discrete elements: 
- the comp l iance of t he whole basila r membrane 
- the acoustic resis tance of the hel i co trema 
- the compl ianc e of the round wi ndow. 
The part of each o f these elements has been es t ablished. 
The compliance of the who l e basilar membran e produces 
constant amplitudes at frequencies lowe r than the minimum 
frequency at wh i ch a travel l ing wave i s present (130 Hz). 
In fact, this cons tant amplitude range i s limited by 
co nnection of the two cochlea r scalae through the he l icotrema 
resistance . 
This protecting mecanism prod uces an at t epuation slope 
f o r frequ enc i es lower than 80 Hz . 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7- 9 May 1980 in Aalborg, Denmark 
146 
The compl i ance of the round wi ndow does not modify the 
slope of coch lear microphoni c, but it induces a constant sound 
pressure in scal a tympani at any frequency. 
Decreas i ng of the sound pressure i n sca l a ves ti buli is 
therefore l i mi ted , for frequenc ies l ess than 25 H:, by thi s 
constant va lue of the sound pressure in scala tympani. 
It is obvious that further measurements, especially of 
i ntracochlear sound pressure , will be necessary to confirm 
these first resul t s and to e stimate to wh i ch ex te nt our hypo -
theses are right. 
1. Introduction 
Previously conducted exper ime nts l 1 J ha ve shown th:it the 
differential cochlear microphonic poten t i al as we ll as the 
differential sound pressure across the basilar membrane are 
closely related and also well corre l a ted with the sensitivity 
cu rve [ 2 ) (fig . 1). 
.I·==:J 
+ 70:~.,..,. 
Pig. 1. Comparison between : 
- coaiilear miarophonia in the fir•s · 
tUJ>n (---, arbit . amplit . ref. ) 
- 1>ound pressure between the vesti 
bular and the tympania saalae 
(-) 
- hearing sensitiv1:ty levels 
aaaording to P:rosen [2] 
(o-·-o albinos o--a pigmented) 
in guinea pigs versus frequenay . 
_,,.,_j__ ____ -=;::....::-..1 ..... 
~ 
At low frequencies, presently our domain of i nterest, it 
is \\ell known that t he compl ianc e of the bu ll a governs the 
displacements of the tympano-ossicular c hain, i nduc i ng a 
b dB/oct . slope be l ow 2 kHz [3). 
At very low frequencies , below about 100 Hz , two other 
mecanisms a t le a st seem to p l ay a role (fig. 2) : 
a) the compliance of the membrane of the r ound window 
b) the helicotrema which decreases the differential sound 
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pressure because of the commun icati on hethecn the two 
scalae. 
OE 
Tympanic 
mtmbn ne 
ME 
Bulla 
-.. 
IE 
Oval window 
I 
/ Bu1l1r membrane , 
Py 
p, 
' Sula vestibull / 
Scala tympani 
Ao~nd window 
Helicotrem1 
Fig. 2. 
Schematfr of the 
mechanic of the 
eaY . 
:Joreover , t a king into account the va lues of the propaga -
tion delays of the t ravel l ing wave along t he hasjlar memhrane 
l 1,JJ,we can ca l culate the maximum wave l ength spread i ng ove r 
the whole basilar memhrane . Th is wavelength corresponds to 
about 550 H: . for frequencies well below 55 0 !! : , all the 
po in ts of the basilar membrane are be l ieved to v ibra te in 
phase . Thus we can conside r the cochlea to be a physical sys-
tem which no longe r consists of d istribu t ed elements, but 
wh i ch is formed of lumped clements. The frequency range over 
which transition from dis t r ibuted elements . system to l umped 
elements syst em occurs, can he brought together with the 
minimum best frequency of a unit fibre recorded in the guinea 
p ig : 100 Hz [ SJ. 
At f r equ enc i es Jess than 100 Hz there i s no to notopic 
effec t. Moreover t he aud i tory sensi ti vi t y wil l probably have 
van ished . 
2 . Experiment 
Ll:.-1~!~!b2~~ 
Acoustic stimuli (pure ton es) are delivered by a c losed 
acoustic systC'm driven by a condenser mi crophone (fig.3) . 
Khen a constan t vo ltage i s applied to this system , it hehaves 
like a constant volume displacement source or a n injector of 
volume velocity which i ncreases proportionately to the 
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BZock diagroam of the 
apparatus. 
,,,....,_., • ., .. eoh• 
frequency (6 <lB/octJ. Thus, at low frequencies, the displace-
ments of the tympano-ossicular cha i n are analogous to those 
induced by a constant acous ti c pressure at the t ympanum with 
the bu ll a closed . 
The differential electrodes and the pressure probe are 
fixed into the f i r st cochlear turn. 
The signals a re amp l ified and applied to a narrow band 
tracking fi lter. Both ampli t ude and phase arc recorded as a 
function of the s timulu s frequency . 
0 from US to 2.4 
P'tisurt rn "'"-1~1 ~~ probo 
·r 
I d1aphngm 
Fig. 4. Schematic diagroam 
of the impZanted pressUl"e 
microphone . 
Fig. 4 shows the pressure trans-
ducer with its probe inserted into 
the bony wall of the cochlea. 
The transducer is of the piezo -
resistive type with a Wheatstone 
br idge di ffused into the si l icon 
membrane. The probe is fil l ed with 
sil icon fluid of fi tted viscosity 
in orde r to realize the adaptation 
between perilymph an<l the trans-
ducer membrane . 
The inner diameter of the probe is 
0 .1 8 mm at the tip and, especially, 
for low f r equencies , i t s input 
impedance i s much higher than t hat 
of the oval window . 
The probe is inserted into the scala 
vestibuli of the first turn (cross area: 0 . 4 mm 2 [6J) without 
destroying the Reissner's membrane . 
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Figure 5 shows ampl itude and phase of the di fferen t ia l 
cochlear microphonic and of the sound pressure i n sca l a 
vestibuli o f the fir st turn as a f unct ion of frequency. 
"' ~-~--~---~----~ 
•• Jiff 2 ,,-s,. 
'" 
'" 
:r 
". 
ftf'- t pY IO 
.. 
.. 
•• 
" 
~t-~ j 
- ·~ [ ·~" J 
10 1~0 '°°° ,o®o ,., 
Fig. 5. Amplitude and phase of 
the differential microphonic 
potential (CM J and the sound 
pressW'e in the seal.a vestibuli 
(p ) recorded in the 1st turn 
ofvthe cochlea versus frequency. 
This fig ure illus trates t he mean result s recorded in 7 guinea 
p i gs for the cochlear microphoni c . Because o f a n earl y fa i l-
ure of t he pressure transducer , sound pressure has been re-
corded in 2 gui nea p igs only . It shou ld be no t ed tha t the 
am pli tude curves have many common characteris ti cs: the slope 
of abou t 6 dB/oct i s broken at about 100 Hz by a small 
plateau prev i ous l y described by DALLOS [7 ]. 
On the other hand there is an important di ffere nce at very 
lo w frequencies (f.:;:2 5 li z) : the ampl itude of the cochlear mi-
crophon ic decreases at 6 dB / oct whe r eas the amp l itude of the 
sound pressure rema i ns constant . Si multaneous l y the 90° phase 
lead of the sound p ressure disappears . 
Thereaf t er we made several mod i fications at the mechanica l 
configuration of the cochlea and we observed the changes 
occurri ng a t the level of the coc hlear rn icrophonic and sound 
pressure. 
Figure 6 shows the cochl ear mic r ophonic i n one guinea pi g 
before modifying the conf i guration . The re sponse of t he 
untouched cochlea i s simi l ar to the mean curve of t~e 
preceding f igure . 
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Fig . 6. TypicaZ CM1 response 
versus frequenay : 
--- intact cochlea 
after ch>illing a hoZe 
(diam . O. 6 mn) into the 1st 
tW'n of sea Za tympani 
- ·-after dI'illing a ho le 
(diam. O. 6 rrun) into t!ie L!tl: 
tUl'n of scaZa uest ibuZi 
- - - after sealing of 4th turn. 
When a hole of about 0 . 6 mm in diameter i s dri lled i nto 
the scala tympani o f the first t urn , the response remains un -
changed . 
When the same hole is dril l ed i nt o t he sca la vesti buli at 
t he apex we can observe a Llecrease of the coch l ear microphonic 
ampl it ude at f requenc ies below 700 Ilz (maximum attenuation: 
14 LIB at 60llz) . Finally, we s ealed the apex and the 4th tu rn 
by inject ing silicon paste into the hole dr i lled at thi s 
place. Now the amplitude of the cochlear microphonic r emains 
ap proximately constant fo r frequenci es below 100 Hz and t here 
is a phase lag of 90 ° with respect to the or ig ina l response 
at t he same frequencies. When t he frequency inc reases, the 
ampl itude curve r ejo in s the or ig ina l curve a fter a few o sci l -
lations o f dec rea s ing amplitude . 
IO Alf 1,v 
" 40 AM,llftlD( 
" 
'"· 
Fig . 7. Typical Cf41 response 
versus frequency : 
- -- intact cochZea 
- --- - after seal ing of 4th turn 
- - - after seaZing of 3rd turn 
--- after seal ing of 2nd turn . 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
151 
Figure 7 shows the results obtained on one guinea pig 
when the cochlea is scaled at different levels. Successive 
scaling of the 4th, 3rd and 2nd turn induces low-frequencies 
constant r esponses which tend towards higher frequencies be-
fore rejoining the original cu r ve . Simultaneously the 90° 
phase lag with respect to th e initial pha s e tends more and 
more to the higher frequencies. 
1 .. r .,, 1urz1oi,, 
120 
-l5CI' 
10 ,.. 1000 10000Jh 
Fig. a ... Typical P-,;1 Pesponse 
V,?r'Sus Jr'equency: 
-- intact cochlea 
------ after• sealing .;f 4th turn 
--- after drilling a hole 
(diam. O. 4 mm) into the 1st 
turn of sea "la tympani. 
Figure 8 shows the changes occurring in sound pressure 
fo l lowing the same modifications of the coch l ea. As far as 
the coc hl ea r microphonic is concern ed , sealing the ~th turn 
induces a constant amplitude at low frequencies (f<>140 llz) . 
The curve rej oins the original curve after a few osci l l a t i ons 
of decreasing amplitude. In the same way the phase lead 
<lesappears at l ow freque nci es. 
When a hole (d iameter 0. 4 mm) i s drilled into th e scala 
tympani of the f irs t turn, the amplitude of the plateau de-
creases by S to 6 dB. 
3 . Di scuss io n 
All these results can be easi l y exp lained i n considerin g 
the e lectr ical analog o f the a uditory receptor driven by the 
condensator microphone (f ig . 9) . 
In a first approximat i on let us neglect the nearly cons-
tant leakage vo lume displacement (x 1) and the reactive term 
of ZH (a ca lculation based on ana t omical measurements [ 7 ] shows 
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Fig. 9. Simplified diagram 
o f the acoustic stimulation 
of the auditory receptor (a) 
and the loa> frequency elec-
tric analog (b) . 
V : alternate voltage 
applied to the microphone 
k : constant factor due to 
Microphone characteristics 
ZL : leakage a<?oustic impe-
dance including : 
- the compUance of the 
memhrane of the microphone 
- the compliance of the air 
volume in the earbar and 
in the ear-canal 
the portion of t he tympanum not rigidly coupled to 
z0 : acoustic impedance of the ossicles iru: Zuding the oval window ZH: acous t ic impedance of the helieo trema (including the impedance of 
the scalae) 
x t : tota l volume displacement of the membrane of the microphone 
x 2: leakage vo lume displacement 
x : volume displacenent injected into the cochlea 
Pv1: sound pressure in the 1st turn of scala vestibuli pT1: sound pressure in the 1st turn of scala tympani 
CM1: differential cochlear microphonic potential in the first turn k : constant factor. 
this approximation to be valid for f<300 Hz) . 
If we suppose that the cochlear microphonic (CN 1) is pro-
portiona l to the displacements of the basilar membrane and 
that t he d isplacements of this membrane are proportional to 
th e differential pressure [pv
1
-pv
2
), we easily obtain the 
f ollowing results (fig.10): Volume displacement of the oval 
window being kept co nstant versus frequency, sound pre ssure 
in scala tympani of the first turn is also cons t ant.In effec t, 
the round window can be regarded as a pure comp liance. 
CN1 which is proportional to the differentia l p re ssure, 
i s al so co nstant in the frequency range over 1<hich the compl i-
anc e of the basilar membrane predomi nate s (f>f2), bu t it 
increases proportionately to the frequency when the l ea kage 
res istance o f the he l icotrema (RH) is predominant (f< f 2 ). 
It should be not ed that this p r otecting mechanism i s 
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d i fferent from the one proposed 
by DAI.LOS [7 ] who has assumed 
that the input impedance of the 
co chlea without the contribution 
of th e helicotrema remains re-
sis t ive even at low frequencies . 
The sound pressure in the 
sca la vest ihul i (pv
1
) is the sum 
of the sound pressure in the 
scala tympani (pv
1
) and of the 
sound pressure difference be-
ween the two scalae 
F1'.g. JO. Schematfr diagrcun 
resulting of the electric analog 
of fig. JOb. (pv
1
-pv
2
=k 0! 1 ); for this reason, 
sound pressure in sca lo vest ibul i has the same behaviour than 
the CN 1 excepted at very low frequencies (fcf 1 ) at wh ich it 
cannot be smaller than Pti . 
This can be appli ed to f r equencies which are low enough 
for neglecting propagation phenomena . If this is not the case 
(f>f 3 ) , the cochl ea canno t be considered to consist of lumped 
parameters , but to be formed of dist ribut ed parameters, 
forming an acoust ic transmission line . 
The inpu t impedance of such a line is it s characteristic 
impeda nce which, for a low- l oss line, is nearly purely 
resistive ( in fac t, the input impedance of the cochlea i s 
pure l y resis t ive at medi um fr equencies (1 J). 
In that case , Pvt as well as 01 1 , will i ncrease propor-
t i onate l y to frequency. 
If the input resistance of the cochlea is lower than t he 
res istance of the helicotrema , amplit ude shif t wi ll occur 
between the two straight parts of the curve which have slopes 
of 6 dB/act, and co incide with a plateau (f 2 cfcf 3 ) (fig.10). 
Comparing this t o the ampli tude and phase recording of 
01 1 and pv 1 , 1,•e can observe a good agreement (fig.5) .· 
If we switch off ZH (fig . 9b), the constant amplitude 
between f 2 and f 3 wil I be extended to the lowe r frequencies , 
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i n approxima tely t he same manner t han that observed for CM 1 
and Pvi recordings with the 4th turn sealed (fig . 6 & 8). In 
t he same way , it i s easy to show that by shunting CBM and 
CRW we obtain an ampli t ude decrease as we have observed on 
CM 1 recording with opened scala vesti buli (fig . 6) . For ZH 
switched off , a successive reduction of t he value of CBM in 
t he elec t r i c analog allows to obtain low frequency constant 
responses, which tend t oward higher frequenc i es before 
rejo i ning the orig i nal curve, in the same way as those ob-
t ained by sealed 4th, 3rd and 2nd turns. The same phase 
modifications can also be observed (fig . 7) . 
Finally , the shunting of CRW allows t o reduce pt
1
and 
consequent l y p but not k CM 1 , according to the recordings V1 
obtained after drilling holes at t he basal end of the sca l a 
t ympani (fig.8 & 6). 
A certa i n quantitat i ve confirmation can be found by the 
ca l cula t ion of the res i stance of the helicotrema. 
With the transition frequency f 2 (fig . 10), which is about 
80 hz (f i g . S), and the compliance of the whole basilar mem-
b rane computed with ZWI SLOCKI's fo r mula [4), we can de t er -
mine the resistance of t he he l icot r ema. We have found 
RH=l/2 wf 2 CM8=0 . 8·10
10Ns/m5, and this value is in the same 
range than t he one obtained by DALLOS [ 7 ] : 1.ZS· 1010Ns/m5 
from anatomical measures. 
ln another way , a measure based on a artificial peri-
lymph flow through the he l icotrema is being performed and 
s hou l d a l low to de t erm i ne t his val ue more exact l y . 
4 . Conc l usions 
The study of cochlearmicrophonic potential and intra-
cochlear sound pressure in guinea p i gs seems to show that the 
behaviour of the cochlea at very l ow frequencies i s control led 
by three discrete elements : 
- the compliance of the whole basilar membrane 
- t he acoustic resistance of the hel icotrema 
- the compliance of the round window . 
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The part of each of these elements has been establi shed : 
The compliance of the whole basilar membrane produces 
cons tant amplitudes at frequencies lower t han the minimum 
f r equ ency at which a travelling wave is present (:130 Hz). 
In fac t, this constant amplitude range is l im ited by 
connect i on of the two cochlear scalae through the hclicotrema 
resis tance. 
This protecting mechanism produces an attenuation slope 
for frequencies lower than about 80 Hz . 
The compliance of the round window does not modify the 
slope of cochlear mic r ophonic , but it induces a constant sound 
pressure i n scala tympani, at any frequency. 
Decreasing of the sound pressure in scala vest i buli is 
therefore limited , for frequencies l ess than 25 Hz, hy this 
constant value of the sound pressure in scala tympani. 
It is obvious that fur the r measurements, espec ially of 
intracochlear sound pressure , will be necessary to confirm 
these first results and t o estimate to which extent our 
hypotheses a r e right. 
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SUMMARY 
A brief introduction to transmission of sound through the middle 
ear and the inner ear is given. A short review of th e Schroeder/ 
Hall model for mechanica l to neural transduction and a di scussion 
of the adequate stimulus is included. Computer calculations of the 
firing pattern for tone bust stimulation with fundamental frequen-
cies 10 Hz, 20 Hz and 100 Hz is presented. The Calculation is 
performed at levels 80 dB, 70 dB, 60 dB and 40 dB. Finally the 
results are compared with results from animal experiments. 
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An important step in auditory analysis is through models and ex-
periments to determine t he firing pattern of the fibers in t he 
cochlear nerve (CN) with a given sound stimulation. The firing 
pattern in CN is the primary input to the information processing 
part of the auditory system whi ch on human beings can be studied 
by means of psychophysical methods. The conclusions drawn through 
psycho physical experiments could in my opinion often be improved 
if the resul ts are combined with consideration of the fir ing pattern 
in CN. 
The transduction from sound pressure to nerve spikes in the cochlear 
nerve can be divided into three parts: 
a) Middle ear transmission 
b) Inner ear transmission: displacement of stapes to vibrati on 
pattern of the basilar membrane 
c) Hair-cell trancduction: mechanical deformation to generation 
of nerve spikes 
a) Middle ear transmission. 
At low frequenci es the middle ear transmission can be modelled 
by a reasonable approximation - as a simple 2. order low-pass 
filter: 
x Aw 2 (1) 0 '\, 0 _,, __________ _ 
x0 displacement of stapes 
p0 sound pressure at ear drum 
w0 resonance frequency (undamped) 
a damping constant 
A gain at 101~ frequency (be 1 ow about 300 Hz) 
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XO Below about 300 Hz (1) coul d be reduced to: ~ ~ A (2) 
Po 
Equation (1) is only a reasonable approximation as long as the 
transmission is l inear. The li nea r i ty assumption seems to be 
valid up to about 110 dB i f the stapedius reflex is not acti-
vated. Prel iminary experiments suggest that the reflex normally 
first is activated above 120 dB at 20 Hz . Abnormalities in the 
middle ear can lower t his limit considerably. 
b) Inner ear transmission. 
The one dimensional fluid dynami c model descr i bed by Zwislocki 
(1), which gives a travelling wave as solution, seems to be a 
reasonable starting point when modelling 
of t he basilar membrane. This model has 
elude the effec ts of Hel icotrema and the 
the vibration pattern 
to be modified to in-
Round Window at l ow 
frequencies. rt is possible also to solve this problem by means 
of analytical express ions if some reasonable approximations i s 
done, see (2 ). The numerical evaluation. of these express ions is 
not fini shed, therefore a concl usion cannot be given. 
At l ow frequencies the selectivity measured in a s ingle audi -
tory nerve fibre and the selectivity of the basilar membrane 
considered as a hydro-mechanical f ilter seems to be in reason-
able agreement with each other. Therefore the so called "second 
filter" is probably not i mportant at low frequencies which gi ve 
simpler cond itions for studying the mechanica l to neural trans-
duction. 
c) Hai r-cell transduction . 
The model introduced by Schroeder and Hall [3) seems to be very 
profitably because it has a reasonable physiological background 
and because the model is i n agreement with many of the neuro-
physiologi cal experiments concerning the f iring ·pattern of the 
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auditory nerve . 
The basic ideas in th e model are 
1) Neurotransmitter (NT) in the hair-cell is produced with a 
fixed average rate r quanta /sec . 
2) NT i s released and cause the nerve fibre to generate spikes 
with a probability per unit t ime, f(t) = n(t ) · p(t) where 
n(t) number of NT quanta i n the hair cel l at time t 
p(t) "permeability" function which is related to the 
"mechanical" stimulation, s(t), of the ha ir cel l 
3) Quanta disappear independently of stimulation and wi thout 
causing nerve firings wi t h a probability per unit time = 
g · n( t ). 
It i s proposed that t he permeabi li ty functi on should be 
given by: 
(3) 
p0 is a constant related to the spontaneous firing rate 
(withou t sti mu lation) of the ner ve. 
The rules 1 to 3 can easily be combi ned to gi ve the following 
equation to determi nation of n( t ): 
~~ (t) = r - n(t) [p(t) + g] (4) 
Adequate stimulus 
Schroeder and Hall suggest that the stimul us s( t) is proportional 
to the vibration amplitude y(x,t) of the bas i lar membrane at the 
l ocation of the hair-cel l. 
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This is an open question, maybe also the pressure p(x , t) and the 
parti al derivatives play a significant r ole . However, at l ow fre-
quencies y(x,t) seems to be the mos t important single parameter and 
therefore a reasonab le starting point. 
The relation between the pressure at the ear drum p0 and the dis -
placement of t he basilar membrane at the actual hai r -cel l position 
should also be known for calculation of s(t) when t he pressure at 
the ear drum is given. 
Simulat ion of Schroeder/Hall model at l ow frequencies 
The nonli near differential equation (4) can be solved analytical, 
see [4 ]. A numerical calculation of this equat ion has been perfor-
med on a digital computer at the frequencies: 10 Hz , 20 Hz and 
100 Hz . 
The applied input function, s(t) was a tone bust. As point ed out 
earlier a more appropriate input func tion would be the basila r-
membrane respons to a tone-burst sound pressure stimulation at t he 
ear drum, but this is left for future work . 
All computer cal culat ions were done with th e followi ng values for 
the model-cons tan ts: 
r 150/sec 
g 33/sec 
p0 17 /sec 
This corresponds approximately to an "adapta tion time constant" 
T = 20 mS. The st imulation function s(t) is normal ized such that 
S7\f) = 1 corresponds t o a sound pressure level of 30 dB re 20 µpa. 
The cal culations have heen performed at the fo ll owi ng l evel s: 40 dB, 
60 dB, 70 dB and 80 dB. 
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Results: 
The results are plotted in figures 1 to 3. 
Considering the respons at 100 Hz shown in fig . 1 it i s seen that 
an initial overshoot is present at 70 dB and 80 dB. It should a lso 
be noticed that the adaption only covers about one period of the 
fundamental frequency i n the tone bust. 
When the frequency is lowered to 20 Hz, fig. 2, it i s notable that 
the initial overshoot only is present at 30 dB level (and above). 
Finally at 10 Hz, fig. 3, it is seen that the usual overshoot is 
reversed to an undershoot. 
Di scussion: 
In fig. 4 (from ref. [SJ) is shown firing probability (xenopus 
laevis) for combined mechanical and electrical s timul a tion . This 
experimental result seems to be in reasonable agreement with the 
Schroeder/Hall model. Fig. 5 (from ref. [6J)shows the firing proba-
bility (200 Hz) in a fibre (cat), this seems al so to be in reason-
ab le agreement with the theory. 
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Fig. l . Firing probability for tone bu rst duration 60 ms and 
fundamental frequency 100 Hz. 
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Fig. 2. Fi r i ng probability for tone burst duration 150 mS and 
fundamental frequency 20 Hz. 
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Fig. 3. Firing probabi l ity for tone bu r st duration 300 ms and 
fundamental frequ ency 10 Hz. 
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Fig . 4 . Neura l response of Fi 9 . 5. Period histogram , hU) , produced by a 200-Hz 85-
a fi bre i nnerva t ing the dB pure tone s timulus observed in a s lnRle auditory nor"le fiber 
Xenopus l aevi s lateral l i r.e of a cat. The slne wave below the histogram corresponds to 
orga n in response t O t he com· the s timulus (r orc!action, -p, as [unction of I) calculated from 
bination of mechani cal and dataglvenbyDr. Pfeil!er. 
e l ectr ica l stimuli . 
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Summary 
This paper descri bes an approach to find i ng wa ys to avoid 
or re duce infrasound from ven ti la tion p l ants by stud ies i n 
existing buildings . 
An impo r t ant par t of the stud y is find i ng a r e fere nce for 
normal ventilation infrasound level , the mean va l ue fo r 
32 comparable locations i s shown . 
It seems t o be possible to find signi fiant variation i n 
infrasound l evel between different type s of systems , al -
though the statist i c mater i a l mus t be i ncreas ed before 
drawing f i nal conclusions . 
The reproduc i bi li ty between measurements a t different ti mes 
seems to be excellent. 
For one case it is shown that t he infrasound level is do-
minated by a supply f an . 
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Background 
We have, as acous tics consultants , had an increasing number 
of cases indicating that l ow frequen cy noi se or infrasound 
i s causi ng annoyance - even at such l evels which are us ual 
in buildings equipped with mechanical venti lation systems. 
We all know t hat nois e in the octave bands 31 . S and 63 and 
125 Hz caus e s more annoyance than indicated by common c ri-
teria expressed in A-wei ght ed sound level but we be lieve 
that the i nfrasound area a l so mus t be taken i nt o ca re ful 
cons ider a t ion. 
One must r ealise that adequate criteri a for long t ime expo-
s ure t o i nfrasound a rc ye t far from known. Neverthel ess it 
seems ne cessa r y t o begin st ud ying the prob l em with the ai m 
t o event ually find means to r educ e or avo id infras ound -
as being in any cas e unwanted . 
This paper describes an approach to seek answers t o the 
following quest ions : 
Wha t are nor mal infrasound levels from vent ila tion 
p lant s? 
Do th ese levels vary be tween dif feren t buil d ings wit h 
different system data ? 
How do the l evels change f rom time to time and fr om one 
location to another? 
Is it possible to point out spec i al i nfrasound sources? 
Our approach is t o do studies in ex i s t i ng buildings and i n 
fact many o f the questions above can only be answered tha t 
way. Other questions can al t ernative l y be a nswer ed by l abo-
ratory studies on systems , or ra t her parts of syst ems , but 
then the risk exists that problems , i nvo l ving the sys tem 
as a who le , get l ost . 
We regard th e study presen ted here as the pi l ot part o f a 
bigger inves tigatio n g i vi ng broade r sta tisti c material and 
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rel i able conc l us i ons . This study has been sponsored by the 
Swedish Council for Build ing Research and is car ried out in 
cooperation with the Gothenburg br anch of Ax Ro Co nsult AD, 
a vent il at i on consultan t f i rm . 
Measuring and ana l ysing technique 
The pro cedure of measurement, inst rumentation a nd ana lysis 
is furt her described and di scussed in another pa per at thi s 
conference (J . Svensso n, S. Ty rla nd). Ne here on l y s t a t e 
some importan t de t ails on this matter : 
Reproducible microphone position - room corner 
Tape registration and stor ing for repeated analysis of 
the signal if new criteria show up 
Narrowband ana l ys i s (FFT power spectrum) - rms value 
over s uffic i ent l engt h of time (3 minutes). Resolut i on 
0 . 156 Hz, corr espondi ng t o ana l ogue bandwidth of about 
0 . 5 Hz . 
Fig. l shows over al l freq uency re s ponse and noise floo r of 
the sys t em us ed. 
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Measuring r esults 
Sofar we have made measurements i n some SO l ocatio ns in 10 
buil dings. Of these we have chosen 32 l oca tions in 9 build-
i ngs , analysed by same technique and representing rooms of 
similar size . In a l l t hese c ases meas uremen t s have been made 
both wi th and without the vent i lat ion system in f unction . 
Fig . 2 shows the envelope of all 32 measurements together 
with a plot of the mean level and system noise floor. 
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We can see that the spread betw ee n th e different measure-
ments is substanti a l in both "on" and "off" cases. l~ e also 
no te that levels be low the system noise floor occur . Th i s 
depends upon a tec hnic a l fault in an amp l i fie r which happen-
ed during the measu r ing phase and was d i scovered first after 
t h e evaluation . We though believe that a ll significant l e -
vels lie above the l ater floor (shown cur ve) . 
The mean level shown in fig. ZA can, fo r the time being , he 
regarded as " average ventilation infrasound level", in terms 
o f power spectrum (resolution 0.156 Hz, handi>idth approx 
0.5 Hz) for norma l office rooms. Of course thi s reference-
must be adjusted to broader statistic base . 
If we study the "on" and " off" cases i n one location we 
typically find what is shown in fig. ~. 
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The broadband level is determined by the l eve l in the lowest 
frequency region but nevertheless there is some interesting 
info rmation in t he time graph. For example one can see that 
peak values are almost the same in both cases indicating 
that these origina te from people moving around in the bui l d -
ing rather than the ventilation plant. This is also confir-
med by measurements made in empty buildings after working 
hours. 
When studying the results from one building we find that 
the levels vary from room t o room and these variations may 
overl ap the differences between one building and another . 
Nevertheless one might study the mean values from different 
buildings and different types of ventilation systems . 
Without fi r st studying the results, we asked the coo pera-
ti ng ventilation consultant to categorize th e systems in 
terms of venti l ation technique; He came up with the follo-
wing: 
1. Old systems with poor ventilation degree (2 bui l dings) 
2. Normal modern sys tems with ventilation degree accordi ng 
to modern standards. These should be divided into two 
subgroups: 
A: Ducts for both inlets to and outlets from the r ooms 
(2 buildings) 
B: Outlets fro m the rooms through openings in corridor 
wall (3 buildings) 
3. Semi modern system with very big central fans, more 
complex than todays standard (1 building). 
Fig. 4. shows the mean levels from these categories and as 
one can see there rea ll y exists significant difference 
between the different cases. In fact the variations between 
the buildings within each category are fairly small compared 
with the differences shown in fig. 4 . 
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Fig. ~ - Results f rom different sys t em categories . 
One might already draw the concl us i on that one ei ther should 
use "old fashion" ventilation systems o r the t ype represen -
ted by category 2A . A conclusion of thi s kind is of course 
prematu re and much mor e statisti c material must be added. 
Furthermore much more work in charting and analysing the 
ventilation technique must he done . Nevertheless it seems 
obvious that fu rther work in this direction can give evi -
dence of what properties in ventilation plants are good or 
bad concerning infrasoun d and low frequency noise; thus 
eventually leading t o design r ul es and advise. 
Reproducibility of res ul ts 
In a few cases measurements have been repeated in the same 
location with an i nterva l of approx.one month. This has 
given almost identical resul t s i n t he ventilation on - case, 
one example shown in the fig. S and 6. The background noise 
(venti l a t ion off) shows considerable variation whic h in 
this case coul d be exp l a i ned by heavy wind blowing and 
plent y of people i n the build i ng in t he c ase shown i~ fig . 6 . 
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Identification of infrasound sources 
Sofar much work trying t o identify special infrasound 
sources has not been done al though some tests have been 
made by running differnet parts of the systems. Fig . 6 
s hows that i n this case the dominat ing part of the i nfra-
sound is coming from the s uppl y fa n for the room in question 
and that the infrasound generation has no t changed with the 
inevitable change in running conditions fo r the supply fan 
when the exhaust f an is turned off . 
Other experiments with changes in sys tem characterist i cs 
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Vibration Problens due to ICM Freguenc-f Noises fra'l an Electric 
Power Station 
Niichi ~ishiwaki, Takuji 1-bri and Noboru Fuj i o 
Nishiwaki laboratory, Noguchi Institute, 1-8-1, Kaga, I tabashi -ku, 
1bkyo, Japan 
~; Chattering noise probl ems of crlass windCMs of residential 
rouses , near an el ectric PC:Mer station, oc=. By utilizing a noise 
source detector, it was found that lCM frequency abTOspheric vibration 
of lG and 20 Hz came from an inlet port of forced draft fans of main 
boilers. Specially designed sil encers of low frequency type were 
equipped and considerable decreases of SPL of 16 and 20 Hz were obtained. 
Ot.11er noise source of 9 ~ 10 Hz and of 12 . 5 Hz are from piping systems 
of induced draft fans and chambers of desulfurizinq eguiprents !:or 
exJiaust gases from boilers. 
[.>r eparation. 
Special silencing methods are now under 
1. Chatt ering noi~~e _pr9blens of glass windc:xvs of houses. 
Ther e happened chattering noi se problems of windCMs of residentia l 
muses , near an el ectric power station. These houses are located about 
680 m fran that stati on. (Fi '] . 1) There are lc:xv frequency noises of 
about 3:, dB (Lin.) at 20 Hz, of about SJ c13 at 16 Hz , of about 63 dB at 
9 ~10 Hz and of about 65 dB at 12. :; Hz . (Fiq . 2) 
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2 . Detection of noi se sources. 
By utilizing a detector for noise sources, we found that for ced draf t 
fans (PDF) for milers were emit ting noi ses of 16 and 20 Hz. (Fig. 3 and 
l"ig .4) And also it was found that pi ping systems for induced draft 
fans for milers were emitting low frequency noise s of arout 90 dB at 9 
~ 10 Hz and of arout 87 dB at 12 .5 Hz . (Fig .5 and Fig. 6) 
-- 9Hz 
- · --lo.7th 
---1Z. ~H• 
Fig .3 
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3. Silencers of l ow frequency t yoe for forced draft fans . 
3-1. Silencers of reactive t}'?E! were designed. 
Following conditions '.~re adopted . 
1) Decreases of S.P.L. is at.out 10 dB at 16 ~ 20 Hz . 
2) S . P .L. of audible range must be l ess than 90 dB(A) at a 1 m 
p::>int fran inlet f:X)rts. 
3) Pressure l oss of silencers must be l ess than 40 ntnAq at fla.v 
rates of 11500 m3/min. 
3- 2 . H:xiel t ,,s ts for a silencer of low frequency t vpc 
Fig.7 shows system d i agram of a for ced draft fan and a sil encer of 
reactive type . A m:xlel silencer of 1/10 size was prel)ared. 
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A speaker, placed at a pl ace of FDF, emitted noise. Fig. 8 shows 
insert ion loss dB of the node! silencer. rotted marks are obtained 
by speaker tests and full lines are fran t'1eoretical cal culations. 
Fig.7 Silence.-
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3-3 . Theoreti cal calculation 
An eouation for transmission loss (T .L. )of a reactive type silencer 
(Fig.9a) is 
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T.L. 10 loglO j 1 + t {m -~) 2 sin2 Kl f {dB) ( ( ) 
c = sound velocity f = frequency Hz K = ~ 
c 
1 = length of a reactive silencer 
For a case shoWn in Fi']'. 9b. 
Eauation for insertion loss {I.L, ) is as follows 
I.L. - l Olog 1 1 m,o ji{l+R·e- 2ikh ) {sinklt- ooskh 
- m!o l-Roe·21klo • 
trnar coskl1 • sinkh )+ 111 32 {l-R3e-2i lc.h {Mt1COskl 1° ooskl z 
- sinkl1•sinkl2l f 12 ( 2 ) 
m1o=S, / So, m,,=S2/S 1 , m1;=S3/S2, m11=S3/S1 , m)<i"S , /So 
Ro, ~ 3 : end reflection rat e of pipe lo,13 
(1) Ro=R3=Q, So=S 1=S 3 
I.L. lOlO<Jj l+{m,~-1) {l-m,.2+~ sin2kl1 )sin2k12 
m .. 
+ 2
1
cm,.- -
1
-Jsin2kl1·sin2khj ( 31 
m•1 
(2) Ro=R3~-l, S0 =S 1=S• 
I . L. = 20lcx{~~~~~~ Jcoskb· coskls-m21sinklz • sinkh 
- tilllkl 1 {cosklz · sinkh+-1- .;;inklz.coskl3) t] (4 J 
m11 r 
~ So 
sound SOUR CE 
s. 
Fi q . 9b 
3·-4. Decrease of S.P.L. of actual silencers 
Fig.10 sho\.;s a photograph of an act ual silencer and Fig.11 shows 
S . P . L . at a 1 m pofat fra:i an inlet of the FDF. Noise l evel of 
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16 and 20 Hz were decreas ed by about 7 dB at the residential 
district. (Fig. 12) 
Fig. 10 
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4. r·Wel tests of 1/20 size for the oipinq system of induced draft 
fans. 
M:ldel tests of 1/20 size for the piping system of induced dra!:t 
fans were also proceeded and showed that there were surging pnencme!1a 
between the induced draft fan and the cooling chamber, having noises of 
about 200 Hz . A model silencer was equipped with this model system 
and results of the rrodel test showed that noise level of 200 Hz was 
decreased by about 6 dB . (Fig .13) We are na.-1 preparinq special 
silencers for piping systems of the induced draft fans and noise level 
of 9 ~ 10, 12.5 Hz are expected to be decreased by about , 2 ~3 dB at the 
residential district. 
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1 . Introduction 
In recent years, t here is an increasing number of compl aints 
from residents adjacent to railway and road traffic tunnels. 
In addition, compla i nts were registered from surface routes 
about annoying vibrations. 
In Germany , two standards deal with the rating of v ibrations: 
DIN 4150 [1] a nd VDI 2057 (draft ) [2] . The permissible values 
given in the VDI guideline are adapted to those of ISO 2631 
(3), whereas t he maxi mum values recommended in DI N are low. 
In t he following , the lower values of DIN 4150 will be dis-
cussed exclusively . 
The rating curves KB of t he DIN standard a r e shown in fig. 1. 
The heavy line for KB = 0 , 2 is applicable to residential 
areas (rated exclusively and gene rally residenti al). 
The rating curves are based on experimental f indings. Test 
persons had been exposed to sinusoidal stimuli which had to 
be compared to a reference signa l (usually 20 Hz ). Thi s 
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procedure may not be suitable for the assessment of non-
sinusoidal transient vibrations. Experiments have shown 
that such transients may cause annoyance inspite of b eing 
below the sensitivity limit corresponding to DIN 4150 
[4, 5 , 6] Consequently, the vibration rating criteria of 
both German a n d international standards are not adequate for 
the assessment of structure borne noise f rorn road and rail 
traffic. But there is experimental evidence that quality of 
living is not impaired by vibration, but by secondary low 
frequency sound radiated from ceiling and walls [7, 8]. 
In the following, a couple of calculated and measured exam-
ples are presented together with rating procedure. There is 
not enough knowledge for the rating of very low frequency 
sound.Thus, the frequency range will be limited to a lower 
end of about 20 to 30 Hz. This limit is sufficient for vi-
brations transmitted from road and rail traffic into buil-
dings. A typical spectral distribution (one-third octave 
band velocity level ) of vibrations measured at the founda-
tion of a building while a rapid-transit train passed 
through a tunnel 20 m away is shown in fig. 2. The maximum 
can be observed in the 40 Hz band. Depending on train velo-
city and tunnel shape ,maxima may b e shifted to higher or 
lower frequencies, but will allways stay in the range from 
30 to 100 Hz. 
2. Calculation of sound from vibrations 
Vibrations, exciting a room's wall of surface area S and 
radiation efficiency 6 at a velocity leve l Lv result in a 
sound pressure level L in this room that depends on the p 
room absorption A as follows: 
L p 
A 
+ 1 0 lg 6 - 1 0 lg 4S ( 1 ) 
For example, t he rating number KB = 0,2 recommended in DIN 
4150 results in a velocity level (re 5 x 10-8 m/s) of 72 dB 
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(i.e., 0,2 nun/s ) at 50 Hz. A typical room of 5 x 3 m f loor 
area , 3 m h eight and 1 sec reve rberation time has a room ab-
sorpt ion A of 7 m2 • Assuming radiation from all wal l s and the 
ceil i ng at an efficiency 6 = 1, a sound pressur e level of 
88 dB o r 58 dB (A} i s calculated which a l rea dy exceeds per-
missible outdoor sound pressure level s in residential areas 
(see TALarm) [ 9] 
A simplified formula for the A-weighted pressure l eve l may 
be used for living and bedrooms only : 
Lv, 63 - 15 dB(A) (2) 
where Lv , 6 3 is the velocity level in the octave ba nd cen-
tered. Three examples for satisfactory agreement between 
measured and calculated data are shown in fig. 3 and 4. 
Particularly, results shown in fig. 4 demonstrate that the 
sound pressure level indoors is rather high al t hough the 
feeling threshold for vibrations is not reached. Behold the 
sound is not transmitted through the windows , but via 
ground, ceiling and wall vibrations . 
The r ela t ion between sound and vibration shown in the above 
examples may be used for environmental p rotection of buil -
dings close to tunnels [7] . Using measured ground velocity 
levels , low frequency airborne sound in building can be 
estimated and protective means can be taken in earl y stages 
of plann ing . 
3 . Proposal for assessment 
As a result of the inves tigation described it i s obvi ous 
that r ating numbers given i n v ibration standards cannot be 
used for the assessment of low frequency sound radiated from 
vibrating structures . However, rating numbers are needed for 
such traff_ c sound . 
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Most German standards and regulations concerning the assess-
ment of airborne sound are limited either to energy mean 
(i.e. equivalent ) level (DIN 18005) (10] or to non-traffic 
sound (TALarm, DIN 4109) (9,11] 
Only VDI 2719 [12] is applicable to maximum permissible 
sound in living areas, and also refers to the statistical 
peak level L1 which is exceeded in 1 percent of the time on 
average. Unfortunately, this technical guideline is limited 
to frequencies above 125 Hz. 
Based on subjective experience, gained from measurements, 
and on few inquiries, it is proposed to extend the guideline 
data to low frequencies down to approximately 30 Hz. A 
sudden rise of transients in few third-octave bands requires 
additional consideration . It i s proposed to use a statistical 
peak level L1 . 
In accordance with VDI 2719, the following rating levels are 
proposed for both living and bedrooms: 
Equivalent level LAFm 
Statistical peak level L1 
30 dB (A) 
40 dB(A). 
L1 is relevant if it exceeds LAFm by more than 10 dB. 
The data are proposed for the frequency range above 30 Hz. 
At lower frequencies other ra t ing scales may be necessary 
as demonstrated by the following example. Levels up to 
78 dB(A) have been measured in a subway control room, caused 
by street cars passing above. While such A-weighted levels 
are acceptable in working areas , the corresponding linear 
sound level at 10 Hz amounted to 12 0 dB . This may be 
hazardous to health according to corresponding investi-
gations (13) 
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(1) DIN 4 150 , Part 2 "Vibrations in building - Impact 
on man in buildings" 
[ 2] VDI 2057 (draft) "Assessment of the impact of 
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~ Vibration velocity level spektrum in buildings near by 
a subway tunnel 
"' ...... 
E 
CD First floor : measured : -33dB(A). calculated: 35 dB(A) 
60
@ Ground floor : measured: 4 1 dB( A), calculated : 39 dB(A) 
, 
E 50 
. • . 
. 
, 
~ ,. 
lll . 
~ 40 
ro 
"U 
-
. 0::: 
-.. 
'CD 
6 30 
"' ...... 
E 
E 
lll 
'o 
ro 
"U 
~ 
0 
> 
_J 
20 
8 16 31, 5 63 125 250 500 Hz 
Frequ~ncy 
Vibration velocity level spektrum in a build.ing near by 
a subway track; measuring point : vertikal vibration on the floor 
measured : 52 dB(A) calculated : 53 dB[A) 
63 125 250 500 Hz 
Frequency 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
188 
Proceedings of the Conference on low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
1 89 
Conference on 
Low Frequency Noise 
and Hearing 
7-9 May 1980 
at Aalborg University Centre 
Aalborg, Denmark 
Proceedings edited by 
Henrik M011er and Per Rubak 
Low frequency noise pollut ion problems i n Japan 
Yasuo TOKITA 
Kob ayasi Institute of Physical Research 
(3- 20- 41 . Hi gash imotomachi , Kokubunji Tokyo 185 Japan) 
Int roduct i on 
In Japan , noise and ground vibration regulat ion laws 
have been establ i s hed, but t here i s no regulation for the 
l ow freque ncy noi se or infrasound. Recently complaints 
from residents agai nst low frequency noi se pollutions 
nearby fac t ories , airport , highway long bridge , dam and 
so on are becomming r ather great amount . Complaints are 
sometimes rel ated wi t h t he window and door rattling and 
unpleasant feelings at t he comparatively lower sound pre-
ssure level region . 
The Government (Environment Agency) has been starting 
the surveys about the low f requency noise poll u t ion, since 
1976. The questionnaire investi gation and acousti c meas-
urements were carried out in 1976 in the surrounding areas 
where compl aints had been r ece ived, and cont i n nually l ow 
frequency Poise effects on the fittings of houses, man 
and animal response and reduction techni qes have been 
studied . 
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$.1 Complaints of low frequency no ise 
Fig. 1 shows the t r ansition of complaint's numbers from 
inhabitants due to low f r equency no ise or i n f r asoun d 
which accept ed at l ocal governme nt in Japan. 
The main complaints are due to factorie ' s machine ; 
big sized blower, reciprocating machine (compressor and 
pump) , furnace, aircraft ; take off, landing a n d e ngine 
mentenanc e , highway long brid ge , dam discharge, high speed 
rail way runni ng into tunnel, and sometimes small size d 
air conditionning apparatu s using in private ho me. 
The cat egories of complaints are as follows, 
1) Structural complaints 
* Shaking moti on and rattling of window a nd door. 
* Mechanical damage (but not yet c larify the correlation 
between damage and sound pr essur e) 
2) Psychological complaints 
* Disturbance of s l eep an d rest. 
* Irritation. 
* Disturbance of study and reading. 
3) Physi o l ogi cal complaints 
* Headache. 
* Tinnitus. 
* Oppressive sensation & etc. 
Fig. 2-4 indicate the relation between comp laints and 
sound pressure level of which frequency range is 2-90 Hz. 
This survey had done arround the places wher e complaints 
had occur ed. 
As it is c l ear f r om these figures mentioned, 
1) Complaint occures at even low sound pr essure level; 
about 65 dB. 
2) Even though at high sound pressure level, sometimes 
there are no complaints. 
It will be seen that the complaints are due to ind i vi-
dual feeling, the n the level difference among persons is 
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very large, but 75 dB would be the critical sound pressure 
level as the occurrenc e of compl aint. 
$.2 Generating sources a nd propagation patterns 
Fig.5 - 8 are the examples of the propagation patterns of 
low frequency noise. 
Fig.5 is the case of that generating source is the fur-
nese of cupola. The generating mechanisms would be the 
oscil ating burning in the furnase and resonance inside of 
the chimuny . The dominant 1/3 octave f requency bands are 
40 and 1 0 Hz. 
Fig . 6 i s the case o f tunnel. According to inrush of 
the high speed train(Shinkansen: speed i s about 200 Km/h) 
at the opposi t side of long tunnel(about 3 Km length) , the 
l arge sound pressure as similar to expl osion generates from 
the another open side, and dominant frequency is 10 Hz, but 
having rather wide band component . 
In the case of Fig.5 and 6, i t would be consider that 
the generating source may be a point s o urce . 
Fig.7 is the case of highway long bridge. Low frequen-
cy noise due t o running over expansion joint has a figures 
with dominant frequenc ies, 3 . 15, 16 a nd 31.5 Hz. The low-
es t frequency depend on the fundamental long span vib-
rat ion of bridge, middle frequency depend on the higher 
modes of br idge, and highest frequency depend on the short 
spanvibrati on of bridge. In this case, propagati on patt-
ern is as similar to line source generater. 
Fig 8 is the case of dam discharge . Dam disc harge 
generates large low frequency sound pressure not only in 
the case of overflow type dam but a l so arch type dam, as 
similar to waterfal l . I n this case , the dominant frequ-
e nc i es are containning 4 to 8 Hz, and it would be consider 
that the generating source is falling pond surface , and 
then it would be wide spreaded surface . 
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$.3 Government approach to a ttack low frequency noise 
pollution 
The Environment Agency has been conduc t ing research and 
study on low frequency noise pollution to decrease the low 
frequency noise complaints as follows. 
1) Complaints survey with questi onnaire and acoustic meas-
urement. 
2) Structural response of window etc. due to low frequency 
sound pressure. 
3) Psycho l ogical and physiological effect of low frequency 
noise on man in the region of rather lower levels. 
4) Survey on low frequency noise generation mechanisms and 
reduction techniques. 
5) Survey on low frequency noise in natural environment and 
res ide nce . 
6) Measuring apparatus of low frequency noise to e valuate 
low frequency noise polluti on . 
7) Procedure of regulat ion . 
$ .4 Conclusion 
In Japan, low frequency noise complaints had occured in 
the region of rather low sound pressure l evel . On the 
other hand, in another country, the survey and research 
had started in higher sound pressure level. Then the goal 
of each may be different in Japan and other country, but 
people wishes to have a nice environment. Then as long as 
one's hope, we would make a effort to reach the goal "Nice 
Environment" , on the basis of technical research . 
Reference 
Survey report of Environment Agency(Japan) about infrasound 
and low frequency noise . 1977,1978,1979. 
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METHODS AND RESULTS OF MEASUREMENTS OF INFRA- NOISE 
IN INDUSTRY 
Danuta Augustyriska 
Centr al Institute of Labour Protection , 1 , Tamka str . , 
00- 349 Warsaw 
The paper describes the results and gives the conclusions 
from measurements of inf rasounds generated by low-speed pi-
ston compressors . The measurements have shown that these 
compressors generate infrasounds in acoustic sound pressure 
level s fluctuating within 100- 130 dB at 9-20 Hz frequency 
range . In some cases , these l evels exceed the assumed ini-
tial criterion values . 
As can be seell from the analysis of studi es repor ted in the 
literatur e and studies accomplished in our laboratory, a 
lot of machines and devices commonly used in industry /for 
ex . low-speed compressor s , especi ally piston compressors , 
Diesel engines , industri al fans , blast- furnance blowers , 
etc ./ are sources of infra-noise , the spectrum of that is 
concent radt ed at the 0-20 Hz frequency range as well as 
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the range of low audio frequencies. The Acoustics Depart-
ment of the Central I nstitute of Labour Protection initia-
ted investigations aiming at the recognition of risks caused 
by infrasounds in the working environment, methods for their 
measurements , their assessment criteria and the methods for 
restricting these ri sks . At the first stage of the investi-
gations a preliminary injury criterion was elaborated . In 
the audio frequencies range , this is the curve N 80 . In the 
infrasound frequencies r ange /2-20 Hz/ according to swedish 
propositions the 110 dB level was applied . Research for more 
precised criterion are continued with cooperation to Medical 
Academy /7/ . Further the direct and indirect methods of ana-
lysis of infra- noise in industry , using analogue and digital 
measuring B & K sets was developed. Measurements of infra-
-noise generated by the most commonly used in Poland low 
speed piston compressors was performed according to these 
methods . /See table and f ig.1/. The results of the measure-
ments showed that piston compressors are sources of infra-
sounds of hi gh sound pressure levels fluctuating within the 
limits of 100- 130 dB in the 9- 20 Hz frequency range . In some 
cases , these levels exceed the preliminarly adopted crite-
rion values . One can expect that the use of suitabl e noise 
mufflers in the intake systems of the compressors shall ra-
dically improve the situation in the fiels of attenuation 
of the infra-noise by these compressors . /See fig . 2/ . The 
works decsribed above are continued . 
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1 L- 20 /n = 
~-----~~~2-EE~l----
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L...---------
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Microphone 
position 
3 
Acousti cal pressur e 
level 
i n dB/ Lin/ in dB/max . 
val .2-20H>; 
4 5 
wor k- 100- 103 102 
_£~~=~----- ----------~----------
under the 110-119 119 
~E:SC££E_ - -------~---------
6 
19 , 5 
19 , 5 
3 1- 33 /n = 485 rpm/ 
work- 97 place 97 16 , 2 
---------------
___________ ,__ ________ _ 
-------- -------
- H -4 
-----
under the 
-~~E:~= ££!!_ 11 4 102- 112 ----------~----------
5 L-100 /n = 300 rpm/ work- 108-1 23 105- 122 place L------ - - -------- ----------- _ _ _____ L-_ _ _ _ _____ _ 
6 ..... II ..... under the 130-133 122- 132 
-~~::::~=£££_ ---------L-------"----------------
7 300-2K / n = work-
~----~JJJ_ rpm/ ____ _ £la~~---- 110- 113 104-1 08 ----------~----------
8 - " - under the 114 105- 109 
-----~--------- _aiE:~=22£_ ---------L--------
9 WS-1 00 / n = wor k- 9s 97- 100 L-----~2~~~-r~l-- _E~~~----- ---------L---------
10 _ t1 _ a~ the 
.... ____ ---------- ,_~E:~5:££E_ 
11 DR- 40 /n = 280 rpm/ 
at the 
air-scoop 
100- 111 111 
--------
117 116 
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LOW FREQUENCY CALIBRATION OF 
MEASUR EMENT MICROPHONES 
Erling Frederiksen 
Briiel & Kjrer 
Nrerum Hovedgade 18, 
2850 Nrerum, 
Denmark. 
Condenser microphones are used for practically all sound measurements today. 
Because of their operational principle and mechanical design they are generally consid· 
ered to have a flat frequency response at lower frequencies, independent of the 
acoustical measuring conditions. This impl ies that the necessary calibration may be 
limited to a point calibration at one single frequency - 250 Hz is often used. 
This consideration is, in practice, fully valid for modern measurement microphones 
down to 10 · 20 Hz; however, for measurements in the infrasound range, a number of 
parameters must be considered to influence the frequency response of the microphone 
and the subsequent instruments in the measuring chain. This fact increases the need for 
practical infrasound calibration methods. 
Some parameters influencing the low frequency response 
Compared with the slow variations in atmospheric pressure, the amplitude of the 
dynamic pressure to be measured is generally extremely small. Therefore, to avoid 
overload, the microphones must have a controlled vent wh ich allows pressure equal· 
ization between the two sides of the diaphragm, i.e. between the internal cavity of the 
microphone and the air in front of the diaphragm. At low frequencies the vent causes 
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a change in the microphone's sensitivity. The pressure equalization time constant 
should be chosen as a compromise between linearity of frequency response and ability 
to equalize. 
The equalization time constant and the external region to which the equal ization takes 
place are two of the dominant parameters determining the low frequency response. 
Before starting calibration for a specific measurement purpose, it is very important to 
know if the opening of the equalization vent is or is not facing the sound field in the 
measurement situat ion. The frequency response of the same microphone is completely 
di fferent for the two cases. Examples of the principle of the two different situations 
is shown in Fig.1 and the corresponding frequency responses in F ig.2 (A 1 and B 1). 
The calibration condition must correspond to the actual measurement situation. 
S ovnd 
f?eld 
A 
Sound 
field 
8 
Fig. 1. Equalization vent outside (A) and inside (BJ the sound field 
For a specific transducer the lower limiting frequency may be al tered by changing the 
resistance of the vent. By closing the vent channel and thus allowing leakage to occur 
only through stray leakage, a very low cut-off frequency is obtained; Fig.2 (A2 and 
B2) shows the two resulting responses. 
4 
dB 
2 
0 
-2 
-4 
-6 
A2 
82 
0,1 
~ 
/et 
'/ 
1.0 10 100 HZ 
Fig.2. Frequency responses of 1" microphone. Vent outside (A 1 and A2) and 
inside (81 and 82) the sound field. Nominal vent resistance (Al and 81). 
Partly sealed vent (A2 and 82) 
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The impedance of the cavity behind the diaphragm also influences the lower limiting 
frequency. The impedance varies proportionally to the ambient pressure; as most 
measuring microphones have relatively low air stiffness compared with the stiffness of 
the diaphragm, the lower limiting frequency varies proportionally to the ambient 
pressure variations. This fact is of less importance for measurements performed at ground 
level, but for special applications, such as sound measurements in space craft and aircraft 
as well as in diving tanks, the effect has to be taken into account. See examples of 
frequency responses. 
4 
dB 
2 
0 
- 2 
- 4 
I 
- 6 
10 HZ 100 
Fig.3. Frequency response of a 1" microphone at various ambient pressures. 
Vent outside (A) and inside (B) the sound field 
A minor effect is due to the air compression process occurring in the cavity, which 
changes from adiabatic cond itions at higher frequencies to isothermal conditions at 
lower frequencies. The change causes an increasing sensitivity at low frequencies 
which is most clearly observed with microphones having a relatively high proportion of 
air stiffness as well as a high equalization t ime constant, see Fig.4 . 
1 r-~~~~~1.~·m-1~c-r.r,,~,~rs~~~ffn~,-,~-. ~<'0~%~.~)~,.-~~~~~~--.~~~~~~--., 
d~~~~~===l======~~;;;t:===========t===========l 
-1 '--~~~~~~"'-'-m'-""'~~- ~(~a~irs~~~·ff,~~~e~ss~:~2~%~·~'~---'-~~~~~~~---'-~~~~~~~--' 
0,1 10 100 HZ 
Fig.4. Frequency responses of 1" and 1/2" microphones. The low frequency 
sensitivity increase is due to the change to an isothermal compression 
of the air in the internal cavity 
1000 
A significant parameter is the combination of the m icrophone and the electron ic 
system being connected. In the case of modern FET-preamplifiers having input 
impedances of 10 G.11 or more, very low cut-off frequencies are obtainable. If the 
transducer is shunted with a capacitor, even lower frequencies may be covered by the 
system, see curves in Fig.5. (In practice this is possible without limiting the lower part 
of the dynamic range, as sensitivity and noise are reduced equally ). To obtain a flat 
response far below 1 Hz, a carrier frequency system must be used, see examples of 
frequency responses in Fig.5. 
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4 
dB 
2 
0 
- 2 
- 4 
- 6 
0,01 0,1 Hz 10 
Fig.5. Frequency responses of electronic systems valid for two different source 
impedances (FET ·preamplifier} and for two different settings of cut·off 
frequency (Carrier Frequency System} 
100 
As can be seen, several parameters influence the low frequency (infrasound) response 
of a measuring system. For many applications, the specifications of the elements 
forming the measurement chain ensure the required measuring accuracy, but in cases 
where the environment differs significantly from normal conditions, and in cases where 
the system is going to be used to its very limits, a calibration which takes the actua l 
measurement situation into account is n«:cessary. 
Calibration Methods 
Different methods are available for calibration of infrasound measurement systems, 
some of which take only the response of the electrical system into account, while 
other methods allow calibration of the complete system, including the mechanical and 
acoustical parameters. 
In some cases where well-defined acoustical transducers are used, the Jess complicated 
electrical calibration may be sufficient. Two methods, useable in connection with 
DC-polarized microphone systems and with Carrier Frequency Systems respectively, 
should be mentioned briefly. 
Insert Voltage Calibration Technique 
This method is used for determining the amplification of a preamplifier with a 
specific microphone cartridge as a source when Laboratory Standard Microphones are 
being calibrated. (It is described in ANSI and IEC·recommendations). Furthermore, 
the method is convenient for testing the frequency response of a system using the 
actual microphone impedance as source impedance. The principle is shown in Fig.6. 
The housing of the microphone cartridge, being the ground terminal of the source, 
is separated from the ground terminal of the preamplifier which allows series 
connection of an electrical source; the signal from that substitutes the open circuit 
signal delivered from the microphone when a sound pressure is present. The frequency 
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responses of the FET - preamplifier shown in Fig.5 are obtained by use of this 
technique. 
Additionally, the principle is practica l for recording reference signals on tapes during 
the actual measurement situation. 
d I 1-1 1----<il~--....---....--- I ,---Cortrict9e I r -
copacitonce ! I?,· C; 
1 
I 
I -, I 
-(J 
I 
Input drcv)b ot' preontpl/F/trr 
Fig.6. Principle of Insert Voltage Calibration 
Electrical calibration of Carrier Frequency Systems 
Carrier systems do not respond direct ly to analog electrical signals. The signals have to 
be transformed to capacitance variations. Fig.7 shows a simple circuit which solves this 
problem. Variations in the DC - voltage across the so-called capacitance diode make its 
capacitance change. The series capacitance seen from the carrier system of the diode 
and the capacitors must correspond to the capacitance of the cartridge which is going 
to be used. The system shown can be used for frequency response calibration up to 
100 Hz (determined by the RC time constant) but is not recommended for absolute 
ca libration. See responses of a carrier system in Fig.5, they are obtained by use of this 
method. 
C2 
CopocitqnceI 
ct1oc'e 
- /)/ode 90pF 
~ ,()()/ori-
+zation 
Carrier 
rre9venc!I 
S!lstem 
Fig.7. Circuit producing capacitance variations for frequency response 
calibration of Carrier Frequency Systems 
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To calibrate t he complete measurement system and thus to include the mechanical and 
acoustical parameters, other methods have to be used. 
Electrostatic Actuator Calibration 
Electrostatic actuators are practical tools for frequency response calibration in the case 
of microphones having a plane, accessible, metal surface diaphragm. 
In principle, an actuator is a conducting plate placed in front of, and electrically 
isolated from, the diaphragm of the microphone in such a way that actuator and 
diaphragm form an electrical plate capacitor. If electrical voltage is applied to the 
actuator, the field in the gap will cause a force to act on t he diaphragm. The force is 
independent of the frequency, which makes the system very practical for frequency 
response calibration. However, d ue to the edge effect of the plate capacitor (actuator). 
and problems in determining the plate distance precisely, the exact value of the force 
is difficult to determine. The method is of limited value for absolute calibration as 
accuracy is of the order 1 · 2 dB. The equ ivalent sound pressure is given by: 
E absolute dielectric constant for the gas in the plate gap 
(~ <0 = 8.85 . 10-12 F/ m) 
E(t) = actuator voltage as a function of time 
d = effective distance ' 
Proper choice of DC and AC voltage (800 V (DC) · 30 V (AC) · 0 ,5 mm distance) 
ca n give an equivalent sound pressureof approximately 1 Pascal. 
It should be noted that no signal is applied to the vent, which reduces the number of 
application cases for the method, but in cases where the method can be used it offers 
great advantages, especially for the analysis of microphone behaviour in extreme 
environments, as the signal generated is pr~ctically independent of the ambient 
conditions. The actuator can be used for calibration in cases where the vent is outside 
the sound field (Fig.1 A) and thus the corresponding curves at Fig.2 · 3 and 4 can be 
obtained that way. 
Pistonphones as low frequency calibrators 
As has earlier been described in B & K literature, the usual pistonphone type of 
calibrators suffer from several drawbacks when used for infrasound applications, and 
unless a complicated mechanical design is undertaken the use is limited to some single 
frequencies and high sound pressure levels. Furthermore, the piston(s) act as a Constant 
Volume Displacement Source, which means that the sound p ressure generated is 
proportional to the impedance of the cavity. This impedance is a function of the 
volume (and thus of the microphone connected). the ambient pressure, leakage, the 
gas being compressed, and of the compression process, which in the infrasound ra nge 
changes from adiabatic conditions to isothermal conditions, causing a change in the 
SP L, depending on the gas, of 2 · 4 dB. 
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Thus, the pistonphone is generally not practica l for low frequency calibration, therefore 
other types of acoustical calibrators have been developed. 
Constant Pressure Acoustic Calibrator 
A Constant Pressure Calibrator is, ideally, an acoustical source producing a sound pressure 
which is independent of the loading microphone and the environmental conditions. (It 
is the acoustical equivalent of an electrical constant voltage source which maintains the 
voltage independently of the current flowing). In practice, such an ideal system can only 
be realized to a certain degree. The system should have a very low acoustical impedance 
compared with any actual loading impedances. 
A physical realization of a Constant Pressure Calibrator is shown in Fig. 9. Basica lly, the 
source is an electrodynamic system coupled to a light weight, large area piston which is 
mounted with soft springs to obtain the required low acoustical impedance. The desired 
high load impedance is obtained by minimizing the volume of the couplers used for 
adapting the microphones being calibrated. 
2,2. 10-• 5,5 . 105 l,J.10- 9 
Hy 3,5 n Ns/m5 m51N 
i(A) 
-, 
I 
I 
ri 
I iZL 
LIJ 
I 
'--------------<"\- _J 
L9 • inductance of cod 
Re = resistance of coil 
K = 1830 Pa/ Amp or VslmJ 
ZL • load impedance 
L8 = mass of piston 
c, • compliance of piston Za • generator impedance 
i = electric current Ra = damping resis tance of piston 
q • acoustic current 
111061 
Fig.8. Electrical and acoustical circuit diagram of Constant Pressure Calibrator 
The corresponding electrical and acoustical circuit d iagram of the system is shown in 
Fig. 8. 
In principle, such a system may operate down to 0 Hz, but in practice is limited by 
leakage in the couplers. The system shown has a cut-off frequency (-3 dB) of less than 
1 mHz at 1 bar. The upper limiting frequency is determined by the mass of the moving 
system, which at higher frequencies increases the acoustical source impedance. The upper 
3 dB limit is at 500 Hz. Two couplers have been designed; one of which applies the 
sound pressure to the diaphragm only ( Fig.1 A). while the other one surrounds the whole 
microphone with the sound pressure (Fig.1 B). Using these couplers, the frequency 
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Fig.9. Cross Sectional View of Constant Pressure Calibrator 
response is flat within ± 2% from 5 mHz to 100 Hz. Practically al l low frequency 
cal ibrations of condenser microphones and other pressure transducers can be performed 
using such a system. Figs.2, 3 and 4 illustrate some types of measurement which may 
be carried out using the Constant Pressure Calibrator described. 
A calibrator of this type takes all t he parameters of a measuring chain into account, and 
as it also allows absolute calibration it is a practical tool for many calibration purposes. 
Conclusion 
Calibration of microphones or measuring systems for use below 20 Hz is often necessary 
as many parameters may influence the frequency response. 
No single method can so lve all low frequency calibration problems occurring in the 
laboratory and in the field. The methods here and other methods may be used as 
complements to extend the calibration range and to increase the reliability of the 
results obtained. 
Although all the methods of calibrat ion ment ioned here may be used in the laboratory, 
the Insert Voltage Calibration Technique and the Constant Pressure Calibrator are the 
most pract ical methods for field use. 
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A THREE ELEMENT MICROPHONE ARRAY FOR LOCATING SOURCES OF AUDIBLE W\-1 
FREQJENCY NOISE 
ll .H. Vasudevan and 11 .G. Leventhal!, Chelsea College , 
University of London, Fulton Place , London, SW6 5PR. 
SWlll!'.ary A three element microphone array for locating the source of 
environmental low frequency noise in the frequency range 30-150 Hz is 
described. The instrument employs an equilateral triangular layout , 
matched amplifiers , high ' Q' filters and phasemeters. The system is 
sho1m to function satisfacto:ily for both pure tone and nnrrow band 
noise . 
... 
Over the past few year::; , environmental low frequency noise in the range 
20-200 Hz has caused considerable disturbance and annoyance . The 
evidence so far avai lable , suggests that the subjectively unpleasant 
phenomenon is due either to 10·,1 frequency tone components or spectra 
of an unbalanced shape , devoid of sp~cific tone components. (Vasudevan 
a::id Leventhal! , 1979; Vasudevan and Go::-don , 1977 ) . 
Detection of the source of low frequency sounds is often difficult due 
to lack of directioll'11 cues and the low intens.~ty level of many such 
sounds. This paper describes an instrument designed to locate the 
source , especially where the presence of tone components has been 
established by earlier field measurements . 
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Instrumentation 
Theory : Detection of the source of low frequency noise is carried out 
by the use of a three element m~crophone array . Barber (1963) has shown 
that such a system i s at its optimum ·11hen the wavelength is twice the 
length of the sides. ~urther, f or the kind of ' all round ' looking that 
is essential fo~· locating a l:>w frequency noise source, the layout of an 
equilateral triangle is preferred. This geometry was therefore adopted. 
From Fig. 11 for a plane wavefront ar.civing at an a"J.gle 9, the path 
diff erence ' d ' between two microphones M1 and M2 i s d = 1 sin (30-9) . 
The corresponding diffe:rence in phase between the signals induced at 
M1 and M2 is .¢12 = 21T l sin (30- 9)/>. , where A is the an';icipated wave-
length . Since the sides of the triangle are set at half the anticipated 
wavelength, the phase difference can be written as .¢12 = 11 s i n (38- 9). 
Similarly , correaponding differences in phase angle ¢23 and ¢31 , between 
the other two pairs of microphones can be written as .¢23 = 1T cos (60-9) , 
and ¢31 = - 11 cos 9 . 
As the directicn (g) of t he wavefr ont changes relative to the base line , 
fo~ example due to r otat ion of the array syst em, the values of ¢ will 
vary accordingl y and the signals produced by the t hree pairs of micro-
phones will be alternately in and out of phase . Calculated phase 
di f f erences for such a system are shown in Fig. 2 . Thus , measured 
phase differences between the three paira of microphones give the 
di rection (9) of the wavefront. A further measurement at a different 
loca~ion gives the source position . 
Sign3.l Processing System 
The three condenser microphones type 4145 toget her with associated pre-
amplifiers type 2619 are fixed to three tubes so that t he lines joining 
them f orm an equilateral tri'Ulgl e whose sides are equal to half t he 
anticipated wavelength. Power for the microphon.~s is provided by a 
pair of 28o4 battery driven power supplies mounted on the triangular 
support . The triangular frame work is fixed horizontally at its centre 
on a tripod whose legs rest on short radiRl extension~ bolted on to a 
turntable . This arrangement is stable and enables controlled rotation 
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of the array. 
rhe signals from the three microphone/preamplifier assemblies are 
routed via long coaxial cables to the signal processing system. Each 
signal is handled s<~parately in triplicated amplifier and filter sub-
assemblies and, for simplicity, one channel only will be dei:;cribed , the 
other two being identical in every respect . A block diagram of the 
system appears in Fig. 3. 
The signals from each of the three microphones are amplif ied by a low 
noise two stage amplifier providing an o7erall gain of 40 dB in the 
frequency range of 30 - 150 Hz . The selective response of the system t o 
a giv"n frequency is further enhanced by matched filters in each channel. 
The filter employs a twin - T notch f ilter in the feedback loop of a 
single operational amplifier and has a gain at resonance of 8.:5 dB whilst 
the overall s ignal to noise ratio is 80 dB. 
The signal from the filter i8 then fed to one of the phase sensitive 
·1oltmeters, another cha.me! being fed Hith a signal originating from 
one of the other two microphones . Referrine; to the waveform sketches 
shown in Fig. 4, the two signals to be compared , A and B1 are first 
squared, then clamped t o eliminate the negative half cycles and subsequ-
ently applied to the Schmitt tr i.gger inputs of a pair of 0J1e shot mono-
stables. These produce a 100 ns pulse at their outputs every time the 
inputs receive a fallin3 edge transition of the waveform. The pulse 
from one channel (A
3
) is regarded as the reference, and an inverted 
pulse from the other channel is arranged to alternately set and then 
reset a flip- flop so that the lengi;h of time for which it i s 'on' is 
determined by the spacing of the leading edges of the control pulses. 
The result is a pulse occurring every cycle whose duration is prop~r­
tional to the temporal difference and hence to the phase difference 
bet1·1een the two sinusoidal input signals (0A:B). 
In thi s way, channels 1 and 2, 2 and 3, and 3 and 1 , are individually 
compared by three such phase d~tector circuits and the results are 
indicated on movin& coil voltmeters scaled o0 - 360° and also recorded 
on a twin channel level recorder (type 2309) whose y-axis is similarly 
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scaled. 
In th~ interests of maximum power supply hum immunity the DC poWl!r 
supplies for all the system circuitry was derived from m accumulator 
·via DC to DC power units employing two high frequency inverters and 
elaborate smoothing and shiel ding. 
Validation of the Instrument 
In order to evaluate the instrwn.~nt , the array was tested in the field 
using a l oudspeaker driven by an oscillator to simulate the source . 
For one full rotation of the array , the measured phase variations for 
a pure tone whose level was between 10- 12 dB above background are shown 
in Fi,;; . 5. A comparison of these values with the calculated values of 
Fig . 3 s hows the directional resolution to be accurate to within .:!. 2°. 
Similar tests with narrow band noise of 10 Hz bandwidth centred on the 
pure tone a lso showed the expected variation of phase angle Nith the 
rotation of the array (Fig. 6) . The directional resolution, however , 
was accurate only to within!. 5°. 
Conclusions 
(1) A three element portable microphone array and associated electro-
nics has been constructed. 
(2) The syst em is responsive to both pure tone and narrow band noise . 
(3) The three element array does not suffer from the directional 
ambiguity that could be a problem in a ~wo element system. 
Acknowledgement: Thanks are due to Mr. A.D. Thomas for building the 
electronic circuits associated with the microphone array system. 
References 
( 1) Vasudevan R.N. and Leventhal ! H. G., I . O.A. Low Frequency Noise 
Conference , January 1979 · "Environmental Low Frequency Noise". 
(2) Vasudevan R. N. and Gordon C. G. , 1977, Applied Acoustics 10, p57-69. 
"Experimental Study of Annoyance Due to Low Frequency Environmental 
Noise". 
(3) Barber N.F . , Proc . ~fa Conference sponsored by the U.S. Naval 
Oceanographic Office and the National A~ademy of SciP.nces, 1961, 
p 137- 150, Prentice-Hall, Englewood Cliffs , N.J., 1963 . "The 
Directional Resolving Power of an Array of Wave Detectors in 
Ocean Wave Spectra" . 
Proceedings of t he Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
Vl 
<lJ 
c: 
0 
..c: 
c. 
0 
s... 
u 
·e 
.... 
0 
Vl 
s... 
"' c. 
c: 
<lJ 
<lJ 
?;. 
., 
<lJ 
.a 
<lJ 
u 
c: 
<lJ 
s... 
<lJ 
.... 
<+-
"O 
<lJ 
Vl 
"' ..c:
0.. 
350 
30 0 
250 
200 
150 
100 
50 
0 
21 5 
Fi g. l A Three Element Mic rophone Array 
DIRECTION (6) 
Fi g.2 Ca l culated Phase Variati ons With 9 
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SURV EY METHODS FOR LOW FREQUENCY .'\OISE IN VENTILATION PLANTS 
Jergen Svensson and Sven Tyrland , Ingemansson Acous ti cs , 
Box 53037, S-400 14 Go thenburg , Sweden 
Summary 
This paper descTibes a pilot project c arri ed out in order 
to find a suitable measurement technique for low fr equency 
sound. The technique sho ul d allow rational data collec-
tion for t he purpo se of giving a s tatistica l bas is for the 
development of cri teria for long-t erm exposure to l ow f r e-
quency noise. Di fferen t quantiti es desc ri bi ng t he sound 
are used. Topics t reated arc f requency range, r ecord length , 
weigh t i ng curve, momentary level distr ibut ion , measurement 
po i nts, source detection etc. 
In t roduc tion 
On a gr ant f rom the Swedish Counc il f or Building Research , 
Ingemansson Acous ti cs are currentl y carrying out a p i lo t 
projec t on th e measuremen t and analys i s of l ow f r equency 
noise fr om ventilation plants. The Counci l is also spon-
sori ng a projec t on the influence of the ventil ation plant 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg , Denmark 
220 
configurati on and cons t ruction on the low frequency noise 
levels, in which our company takes part ( 1]. 
These two projects aim towards effective methods for the 
t ec hni cal data collection necessary for future studies of 
human response to l ong time low frequency noise exposure . 
Re gard ing measurements this involves quest i ons about trans -
ducers , measurement positions and conditions, recording 
t echnique , filtering and analysis methods . Jt is also a 
matter of how we wish to present the low frequency sound 
impac t ing on a human being. 
Quantification of low frequency sound 
Little is known about the long term effects of infrasound, 
which may be pronounced also at lower levels than what can 
be derived from short time exposure te sts . Also is the 
frequency range 20-80 Hz poorly covered by exis ting crite-
ria. To find relevant criteria ~s a heavy task since many 
parameters are invo lved and not easily iso l ated . Neverthe-
less we must find answers to the questions being pronounced 
about infrasound . 
In this si t uation it is important not to cling t o a single 
way o f descri bing the noise. As long as we are not familiar 
with the e f fec t s of long time infrasound exposure upon 
health and well-being , we have to carry with us seve ral 
quantities describing the noise and manipulat e them in 
differ ent ways until we finally, on a statistical basis, 
hopefully find a reasonable correlat ion between one or a 
couple of quantities and the effects on man. 
Measu r ement considerations 
For practical reasons we must put some limits on the 
description of the low frequency sound pressure (or velo-
city). These limits are of major importance to the data 
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co llec tion speed and thus to the costs for f ind ing the 
request ed criteria . Below a few c onsiderations are g i ven 
on bas is of t he present state of the current projects. 
Frequency range 
From a series of measurement s in mechanically ventilated 
rooms , the difference in l ow f r equency power spectrum with 
ventilation on and off respectively has been ave raged, sec 
Fig. 1 . Total number of measurements is 80, covering JO 
d ifferen t ventilation plants. The Brtiel & Kjaer 2631 micro -
phon e ca rrier system has been used , reaching down to 0.01 Hz. 
Analysis of t he FM-recorded signals has been perf o rmed with 
a Hewl ett Packard 5420A FFT- analyze r . Resolution 0.02 Hz , 
correspond ing to a f ilter bandwidth of 0. 07 Hz. 
Lp (on) - Lp(off) dB 
10 
s 
0 
. 02 .OS . 1 • 2 . s 2 
Frequency Hz 
5 
Fig . 1 . Averaged difference in power spect ra with ventila-
tion fans on and off respectively. From meas urements 
in 40 rooms . 
I t can be seen from Figure 1 that the vent i lation plants 
will influence not iceably upon t he i nfrasound levels down 
to about 0.2 Hz. Tha t is , if the role of t he mechan ica l 
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ventilation is to be invest igat ed, the frequency range 
s hou l d be extended down to 0.2 Hz. The low frequency break 
point is of vi t a l i mportance since the spec trum is contin-
ously increasing towards th e l ow end, as i s examplifi ed in 
Fi gure 2. 
LP 
100.00~~~~~~~~~~~~~~~~~~~~~~~~ 
LG MAG DB 
0.0 
.02 . OS .1 • 2 
· ........... . 
... 
. 5 l 2 5 
Frequency Hz 
Fig . 2 . Example of infrasound power spectra with ventila-
ti on ~~ , and without ventilation - - - - . The 
dot t ed l ine s hows the noise floor of the equipment, 
includi ng the peak at 5 Hz . Reso lut ion 0 . 02 Hz . 
Somet i mes total power within a frequency range is measur ed, 
as is the case considering the Swedish Regulations for 
Protection of Worker's Health . Here the Infrasound Level 
(dBIL) 2-2 0 Hz i s used as a criter i on . The importance of 
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the low fre quency filter band l i mit to the total power is 
shown in Figure 3. The figure suggest that the break point 
should be much lower than 2 Hz if we are anxious not to 
loose information which could be of int erest when studying 
the human response . 
L dB p 
100 
90 
80 
70 
-~ 
-..... ~ 
!'.... 
..... ......_ 
~ 
-
-60 
50 
. oz . OS . 1 . 2 . 5 1 2 5 
Lower l imiting Frequency Hz 
Fig . 3 . Total power from an i nfrasound spectrum as a func -
t ion of the low frequency fi l ter band l i mit. High 
frequency limit is 20 Hz. 
Record length 
Assuming we need a sma l lest bandwidth of 0.1 Hz to detect 
slow variations in the static air pressure (infrasound), 
a record l ength of 160 seconds will give us a BT-product 
of 16. The rms err or in dB will then be 
e: = 20 • l og (1 ± - 1- ) 
" 2BT { ~ 1.4 dB 1.7 dB 
For these frequencies we may accept such an error as a 
resona bl e compromise between accuracy and speed . 
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We ighti ng curve 
It may be of interest t o see how the weighting curve sug-
gested by P. V. Bri.iel (2] applies to measured infra sound 
spectra. Figure 4 . shows this weighting curve filtering an 
average of 40 measured infrasound power spec tra . It is ob-
vious that levels at 0 . 2 Hz, 10 dB below maximum, are still 
of interest. 
Lp 
108.00-,--~~~~~~~~~~~~~~~~~~~~~ 
LGMAG DB 
0. 0 
. 02 
-
--
. OS 
-- Unweighted 
-
---
-'\. 
Weighted 
. 1 • 2 . s 1 2 s 
Frequency Hz 
Fig . 4 . Averaged infrasound power spectra from 40 rooms 
D: o filtered thr ough P .V. Brilel ' s weight ing 
curve 
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Momen t a r y level d istr i bution 
The momentary le ve l may play an important part regarding 
t he human reac t ion t o infrasoun<l. Figure S s how s what hap-
pens when the ventilation plant is t urned on . The c hange in 
crest factor indicates that t he equal energy co ncept shou l d 
not stand alone when describing the low freq ue ncy sound. 
A t r es hold fo r the momentary l eve l , t o he exceeded onl y 
f or a minor percentage of t ime, may be a f orm of criterion . 
• Q 
1001..-=--- ----
1 0 
1 
0 .I 
• 0 l 
. oo 1 IIAB 
60 
I. q 
I 
70 
i-· it h ven tilation 
I 
8 0 
crest 
factor 
90 
~!omen ta ry SPL dB 
Fig. S. Cumulat i ve distr i bution p l ots of l ow frequency 
sound 2- 80 llz with -- and wi t hout --- - - venti-
l at ion f ans runni ng. The moment ary l eve l, sampled 
every 3 ms , i s dis t r ibut ed as shown. 
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Microphone pos itions 
For frequencies below the first room resonance, a position 
anywhere in the r oom may be used. For higher frequencies, 
we suggest a position in a corner of the room. This concept 
wi ll be further investigated. 
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Proposal on the low frequency noise meter 
Yasuo TOKITA , Kazuo SHIMIZU 
Kobayasi Institute of Physical Research 
and Mitsuo OKUDA 
Rion Company Ltd, 
(3-20- 41 . Highashimotomachi Kokubunji, Tokyo 185 Japan) 
Introduction 
In J apan , during the last ten years or so, there have 
been many complaints for the low freque ncy noise or infra-
sound . Sometimes , t h ese spectra include t he a udible 
frequencies, bu t the l evels of dB(A) are not so large, the n 
the noise lev e ls in dB(A) do not fit to evaluation of com~ 
plaints . 
I n order to determin the frequ ency response of new type 
noise meter which evaluate low frequency noise , we have 
done some approach as fol lows; 
1 ) According to the sununarization o f data , freque ncy and 
leve l ran~e are determi ned. 
2) The influence of l ow frequency noise for human life were 
devid ed into two c ategories ; s tructural response o f 
house construction and psychologi cal o r physiological 
effects on person s . , and frequency r esponses were deter-
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mined by·fitting to those categories. 
$.1 Frequency spectra related to low frequency noise comp-
laints. 
We have been summerized published data about low frequ-
ency noise complaints. These data re arranged in two 
categories , one is source spectra and the other is environ-
mental field spectra which affect to inhabitants. The 
important property regard to low frequency noise complaints 
may be second category. 
Fig . l shows the rough sketch of these 1/3 octave band 
frequency spectra. 
(a) e.g. Jumbo aircraft, large sized truck and bus . 
(b) e.g . Blower, diesel engine, compressor and pump. 
(c) e . g . Dam discharge, highway long brige and inrush to 
tunnel of high speed railway. 
Generally, in the case of (a) in Fig.l, these noise con-
tain higher frequency component, then these cases are able 
to regulate by noise regulation law with dD(A), as the 
values of dB(A) are determi ned by higher frequency compo-
nent above 50 Hz. Sometimes, the case of(b) and(c) in 
Fig.l are off controlled by dB(A). 
Fig.2 indicates the low frequency noise spectrum at the 
point of 100 meters apart from jet burner in factory. 
According to noise regulation law, upper limit of this 
area(Industry area) is 60 dB(A). This noise level is 
about 57 dB(A), then this factory sutisfy the regulation 
law. But in the neighbouring house, the window is rattl-
ing when burner is on fire, and inhabitants complain about 
this rattling noise and unpleasant feelings. 
In this case, linear sound pressure l evel is about 79 dB 
and C weighted level is about 74 dB, but those levels are 
not countered in regulation l aw. 
As a result of survey , even though the dominant frequ-
ency region which complaine d on low frequency noise pollu-
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tion is about 1 to 100 Hz, the noise would be able to regu-
l ate by dB(A) which contain above 50 llz components. Then 
i n order to evaluate the low frequency noise pollution, it 
would be need that evaluation meter has the frequency re-
gion up to 50 Hz . 
From our survey, measureable range of level was need to 
contain about 50 to 120 dB in the case of environment. 
$.2 Structural response of window and door related to low 
frequency noise compl aints. 
The most complaint about low frequency noise is vibrat-
ion of window and door. Then the response of these by 
sound pressure is one of the evaluati on term of complaints. 
Fig.3 shows the minimum sound pressure level which gene-
rate rattling when sound pressure incident upon them . 
The rattl ing occure with the motion of panel between it and 
sill. 
It would conclude from the experiment descri5ed above 
as follows. 
1) Rattling occure in discrete frequencies. 
2) Even though the type and weight are different, themini-
mum levels are all about 75 dB, and frequency ranges dist-
ribute about 5 to 10 Hz. 
According to our field survey, this leve l coincide with 
structure compl a int of inhabitants. 
The n the sound pressure itself would correspond to eval-
uation number for structural complaints. 
$.3 Frequency response of human being to evaluate the 
feeling . 
I n order to e valuate the low frequency complaint, it i s 
n ecessary to determin the frequency response for human 
feeling. 
We had considered that psychological and physiological 
effect would correspond to detection of low frequency noise , 
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then the frequency response of detection threshold might be 
the standard response. 
Fig.4 shows the average curve of infrasound and l ow 
frequency noise detecti on threshold for normal person with-
in the limit of the literatures which we searched. But, 
this curve arranged without the case which reported about 
very sensitive persons. In this figure, A weight curve 
is arranged also. A slope of this average curve may be 
nearly equal to - 12 dB/octave between 1 to 50 Hz. 
$.4 Low frequency noise meter. 
In spite of many problems remainning unsolved we propose 
new type l ow frequency noise meter to evaluate low frequ-
ency noise c omplaints with n e xt suggestions. 
1) Frequency range of flat response is from 1 to 50 Hz. 
This call "Low frequency sound pressure level" (LSPL) 
This range is used to evaluate the structural complaints 
and frequency analysis . 
2) Weighting curve to evaluate human feeling is fall off at 
12 dB per octave towards the lower frequency. 
This call "Low frequency sound level" (LSL) 
3) At the upper and lower frequency end, the response are 
fall down with 18 dB per octave in order to count out 
a need less frequency component. 
4) Dynamic response of indicater is slow of sound level 
meter . 
Next is the example of specification of low frequency 
noise meter. 
Measurement range 
Frequency response 
(c.f. Fig . 5) 
Microphone 
Meter 
50 - 140 dB (0 dB 20 ti ?a) 
1 - 1000 Hz (SPL) 
1 - 50 Hz (LSPL) 
12 dB/oct < 5 0 Hz(-18 dB/oct (LSL) 
Ceramic microphone 
25 dB full scale 
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True R. M.S. 
Peak of wave form and maximum 
l evel hold. 
AC out put 
Built- i n oscillator 
In order to evaluate low frequency noise compl a ints i n 
residents, new type noise meter had proposed. This pro-
posal involves many problems to be solved. But at the 
first s tep , we are goi ng to use this meter about f ield sur-
vey in Japan. 
Reference 
Survey report of Envi ronment Agency(Japan) about infrasound 
and low frequency noise. 1 977 ,1978,1979. 
W.Tempest (ed) ; Infrasound and low frequency vibration 
(Academic Press. 1976) 
Proceedings of Colloque International sur les Infra-sons 
1973. 
N.Broner ; Journal . sound & vibration 58(4)483 (1978) 
H .E.von Gierke & D.E . Parker; Infr asound (Handbook of senso-
r y physiology.Vol.V. Part 3, Springer Verlag) 
N. S.Yeowart and M.J.Evans; J.A.S . A. 55, 814 (L974) 
D. L.Johnson & H. E.von Gierke; Proceedings of Inter Noise 
' 75 . 
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STANDARDIZATION FOR LOW FREQUENCY NOISE MEASUREMENTS 
Per V. BrUel 
Briiel & Kjifr 
Nifrum Hovedgade 18 
2850 Nifrum 
Denmark 
During the last few years there has been an increasing interest in as-
certaining whether poss ible damage to the human body can be caused by 
exposure to frequencies outside the audible range of 20 Hz to 20 kHz. 
The possible effect of exposure to infrasound, wh ich we wi ll define as 
sound in the frequency range from 2 Hz to 30-50 Hz, has been the sub-
ject of intensive investigation during the last ten years. However, 
only in a few very extreme cases has a relationship between damage and 
exposure to infrasound been established on a firm scientific bas is. 
Similarly in the case of ultrasound, which we define as sound at fre-
quencies greater than 20 kHz, very little evidence of damaging effect 
has been documented. 
Neverthel ess, as a precautionary measure, some countries have included 
limi t s for maximum tolerable infrasound and ul trasound levels in their 
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noise legislation. Sweden and Norway have already established limits 
for the maximum permissible level of infrasound and ultrasound in fac-
tories. In Sweden the defined infrasonic frequency range is from 2 Hz 
to 20 Hz, and the maximum permissible limit in Swedish factories for 
an eight-hour working day is 110 dB independent of frequency. The de-
fined ultrasonic frequency range is from 20 kHz to 200 kHz , and the 
maximum 1/3-octave l evels are: 105 dB for 20 kHz, 110 dB for 25 kHz, 
and 115 dB re 20 µPa for 31 kHz and all higher frequencies. The regu-
lations in Norway should have become effective from 1980-01-01, but 
due to the increased criticism of the proposed legislation their in-
troduction has been postponed until further notice, possibly a1·1aiting 
action by ISO. 
Since some countries are already deciding upon lega l l imits for both 
infrasound and ultrasound levels, it is imperative that some standard-
ization i s established. In the following, a suggestion for such an in-
ternational standard is described. 
When measuring infrasound it is fairly simpl e and straightforward to 
determine the sound pressure level in different f requency bands, thus 
giving a curve of sound l evel as a function of frequency. If these 
measuring results are to be used to determine permissible limits, one 
single figure or a few single figures are necessary. Consequently a 
weighting curve analogous to the A-weighting for the normal sound lev-
el meter is required. If such a weighting curve does not exist, the 
result would be similar to the legislation now in force in Sweden, 
where all infrasound frequencies are treated with the same •1eight. 
It is apparent that if limits similar to those in force in Sweden are 
imposed on factories all over the world, it will be an extremely cost-
ly step , as sound pressure levels above 110 dB in the frequency range 
2-5 Hz are very common. On the other hand, such restrictions are un-
necessary, because sound pressure levels with that intensity at the 
low frequencies are way below the threshold curve and thus cannot pos-
sibly have any damagi ng effect on human bei ngs . 
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In order to avoid such very costly and unnecessary regulations, ISO/TC 
43 decided at its Stockholm meeting in May 1979 to establish a Study 
Group to investigate the possibility of forming and agreeing upon a 
weighting curve for both infrasound and ultrasound. The weighting 
curves should be formed so that less weight is given to those frequen-
cies both in the infrason ic and ultrasonic f requency range whi ch are 
less important than frequencies of 20 Hz and 20 kHz, respectively. 
A Danish suggestion for a weighting curve with a slope of 6 dB/octave 
downwards for the low frequencies of the infrasonic range and upwards 
for the ultrasonic range was forwarded at the Stockholm meeting. The 
Study Group met in October 1979 in London and decided that it was un-
necessary to draw up a weighting curve for the ultrasonic frequency 
range as indicated in the Swedish code of practice, i.e. from 20 kHz 
to 200 kHz, because all ultrasonic frequencies found in industries are 
mostly in the audible range or very rarely exceeding 40 kHz . Should 
occasional ly frequencies between 20 and 40 kHz occur, it is extremely 
easy to screen for these frequencies. 
In the infrasonic range it was agreed that a weighting curve was neces-
sary and needed as a guidance for labor protection agencies in the dif-
ferent countri es: 
The threshold curve in the infrasonic range is well established, and 
this curve has a slope of 12 dB/octave towards low frequency. There 
was no doubt that a weighting curve following the threshold (i.e. the 
inverse) was required, and this has been designated curve "P". However, 
it was assumed that labor protection agencies in most countries would 
regard this curve as too steep, tolerati ng very high pressures between 
2 and 4 Hz, especial ly as Sweden has established a flat curve. It was 
therefore suggested to introduce a curve of 6 dB/octave also, as indi-
cated in the origina l Danish proposal. Th i s curve has been designated 
curve "N" . 
Another problem in defining a weighting curve was to have sharp cut-
offs both at the low and especially at the high f requency end, because 
Proceedings of the Conference on Low Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
238 
it is important that a sound measured with a normal sound level meter 
shoul d not be recorded on an infrasound level meter. Therefore cut-offs 
in the audio range have been suggested to fol low 24 dB/octave. At the 
l ow frequency end it is normally sufficient to say that t he we ighting 
curve must not bend upwards but shou ld follow at least 6 dB/octave or 
steeper at the l ow end. In most cases a leakage in the microphone will 
be sufficient to gi ve a sui table cut-off for the very l ow pressure var-
iations. 
The point where the curves bend i nto t he audio range is also impor tant, 
because there should be approximately the same gradient for the bend 
of the C-curve and the N-curve. Some people may ask why it should not 
go continuously over from the A-curve, and the answer is that all in-
frasound of interest has very high sound pressure levels, and conse-
quently the form of the C-curve is most appropriate. 
We already have limits in most coun t ries for the highest no ise l evels 
based on the A-curve of the order of max . 85-90 dB(A), and the l imi ts 
for i nf rasound should be made a t such a level that a limit fo r 20,l Hz 
based on the A-curve should be nearly t he same as 19,9 Hz based on the 
N-curve. 
The fig ure shows the curves which have been recommended by the Study 
Group. Dr. D. W. Robi nson of NPL , Teddington, U.K., has made a proposa l 
for a text for a recommenda t ion , and it is hoped that t his text can be 
close to the final recommendat ion . 
Tolerances and the correct descr iption of the P- and N-curves as well 
as all the requirements for a suitabl e infrasound level meter should 
be specified by IEC when ISO has agreed on the correct weighting curves. 
Limits have to be introduced in the different countries and need not 
be similar. 
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ATTENUATION OF LOW FREQUENCY NOISE USING REACTIVE SILENCER 
TECHNIQUES 
P.F. Chatterton B.Sc., Ph.D., M.I.O.A. * 
R.~!. Taylor !'.t:I.O.A. * 
* Rupert Taylor & Partners Ltd 374 Edgware Road, London W2 IEB, England 
SUMMARY 
This paper concerns itself with a particular case of a low frequency noise problem 
arising from the operation o f an industrial forced draught fan boiler, a ffecting residents 
in a nearby residential property. The nature of the noise source is described, together 
with the method by which the noise was assessed, highlighting the inadequacy of the 
A·weigh ting network as a means o f determining annoyance due to low frequency 
noise. A reactive silencer of the resonating type was designed to attenuate the 30 H7. 
tonal peak which was emanating from the air intake of the forced draugh t fan, giving an 
attenuation of 30 dB at the peak freq uency. 
INTRODUCTION 
A case history of a low frequency noise problem is p resented, the paper describing the 
initial assessment of the noise problem using the British Standard 4 142 "Method of 
Rating Industrial Noise Affecting l\'lixed Residential and Industrial Areas " 1967 (revised 
1975) which employs the A-weighted sound level , and then describes the mechanisms 
o f the production of the 30 Hz tone from an industrial forced draught fan boiler, and 
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the means by whi ch the noise was attenuated, using a resonating silencer. 
The boiler in question is one of four industrial forced draught fan boilers with rotary cup 
burners, operating on an automatic sequence with two in operation at any one time, whilst 
maintenance is carried out on the third. The fourth boiler is lower rated and retained 
mainly for summer use . 
Complaints were received from the owner of an adjacent residential property, some 50 
metres distance form the boiler house, describing the noise as being of a low freq uency 
throbbing type of noise. The owner was most concerned about the continual presence 
of the noise which he reported as giving rise to headaches and pains in the neck, also making 
sleeping difficult. 
Visits to the house had been made by various interested parties, however listening tests 
over a short time period tended to give less adverso reaction to the noise than those taken 
over a longer period. 
MEASURED NOISE LEVELS 
The nature of the noise problem was a to.nal peak at approximately 30 Hz, apparent 
throughout the whole of the house, though standing wave effects gave rise to considerable 
variation in level. The exact frequency of the peak varied between 30 and 33 Hz and was 
apparent over long periods including throughout the night-time period. The recorded levels 
in the bedroom and living room were 62 and 67 dB Linear respectively. Outside, the level 
rose to 79 dB Linear and within the boiler house the reverberant level was 85 dB Linear. 
Measurements of the noise levels were taken using a CEL Sound Level Meter Type 175, 
coupled to a Spectral Dynamics Micro FFT Real Time Analyser Type SD 340, a permanent 
graphical record being ob tained using a Hewlett Packard X- Y Plotter Type 7015A. The 
analyser is particularly useful for such field work in low frequency noise cases, giving a 
rapid print-out of the frequency spectrum. Set at a frequency range of 0 - 100 Hz, the 400 
line resolution gives a frequency resolution of 0.25 Hz, the spectra being averaged over 
eight samples. Diagram 1 illustrates the spectrum recorded in the living room of the 
residential property, showing the peak at a frequency of 30.5 Hz. 
Initial measurements carried out by various parties using an ordinary A-weighted sound 
level meter obviously did not register any signi fi cant reading of the 30 Ilz ton e ( t he A -
wcighting correction at this frequency being 40 dB ) as higher frequency noise dominated 
the overall A-weighted value. This factor did n ot help the owner of the residential 
property in a speedy solution to the noise problem . 
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DIAGRAM 1 Spec trum of noise level within liviJlg room of residential property 
ASSESSMENT OF NOISE LEVELS 
The owner of the residential property tried, over a period of many years, to get the owner 
of the boilers to reduce the noise level within his property. However, this had little 
effect and in the end he resorted to legal action. Rupert Taylor & Partners Ltd were called 
in as consultants to assess the noise problem as affecting the resident. In such a mixed 
residential and industrial area, courts and local authorities consult the Brit ish Standard 4 142 
"Method of Rating lndustrial Noise Affecting Mixed Residential and Industrial Areas" 196 7 
(revised 1975) fo r guidance as to the likelihood of complaints from the public . The Standard 
compares the predicted noise level, corrected for tonal, impulsive and intermittency and 
duration characteristics, with the background level in the absence of the noise of interest. 
An excess of 10 dBA or more is considered as bciJlg "likely to give rise to complaints", 
whilst an excess of 5 dBA is considered as being " of marginal significance". The Standard 
can also be used fo r assessing the justification behind existing complaints. 
In particular cases of low frequency noise, the Standard can underestimate the degree of 
anJloyance experienced. For such low frequencies, building structures can offer li ttle 
attenuation, resul ting in relatively high indoor noise levels compared with those outdoors. 
If in such a case the outdoor background noise level is high, the Standard , which is intended 
fo r use at outside positions, may well conclude that there is no cause for complaint, though 
indoors the excess of the offending source noise level above the background may be much 
higher due to the higher attenuation of the (higher frequency) background noise. 
Additionally, the Standard uses the A-weighted sound level , which normally serves as a 
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useful indication of people's subjective reaction to sound for many sources of noise (e.g. 
road t raffic noise), however it is questionable as to how suitable the A-weighting network 
is for purposes of assessing low frequency noise problems. The observation that 
low .frequency noise (below 100 Hz) causing annoyance and disturbance to an extent that 
is not simply related to loudness has already been made. Tempest [ l] reports reSLtlts of 
investigations of man-made noise spectra that are high in energy content below 100 Hz 
and concludes that the A-weighting scale is inadequate in the prediction of adverse reaction 
to noise for frequencies below 100 Hz and, in particular, that an adverse reaction to sound 
that is quite different from loudness is obtained for frequencies below 32 Hz and describes 
this as a disturbance or unease. 
In the particular case of interest the resident was lucky in that the background level was 
low and an assessment according to the British Standard 4142 concluded that "complaints 
may be expected". He obtained an injunction against the Regional Health Authority 
requiring them to abate the nuisance. The measured A-weighted level outside at the 
frequency of interest was 3 7 dBA which fell to 27 dBA in the lounge. Use of the equal 
loudness curves for the lounge position gave a value of 20 phons. 
IDENTIFICATION OF NOISE SOURCE 
Tests were carried out to identify the exact source of the noise and it was found that there 
was no significant radiation from the stack, this being achieved by plotting out the sound 
level at various distances from the stack, including where large screening existed and it was 
concluded that the source was at ground level. This process eliminates the need to take a 
microphone to the top of the stack . It was found that the noise emission was from the 
air intake opeh.ing, giving a value of!:JO dBLinear at 0.5 metre distance. An absorptive 
silencer was fitted to the air intake in order to attenuate the higher frequency noise within 
the boiler house, however this had little effect on the low frequency noise around 30 Hz. 
The problem mainly arose from the method of operation of the fan and dampers in 
controlling the the air intake, the fan always running at the maximum setting and the 
dampers being used to control the air outlet for various boiler settings. This mode of 
operat ion causes air turbulence and radiation of the 30 Hz peak. The maximum radiation 
occured at the idling setting of the boiler when the dampers were closed. It was also 
found that increase of the boiler setting marginally increased the frequency of the peak, 
covering a range between 30 and 33 Hz. 
ATTENUATION OF THE 30 Hz PEAK 
Conventional, off-the-shelf silencers were initially considered for reducing the emission at 
30 Hz h9wever, there were limitations firstly in providing sufficient attenuation, 
secondly in there being a limited amount of space available for the silencer and third!~· 
ensuring that the back pressure was kept to a minimum. 
The most obvious choice of silencer for such a tonal sound is the side branch resonator type. 
This reactive type of silencer allows free flow of air, whilst impeding the transmission of 
sound at a particular frequency. The dimensions of the main duct, tubes and resonating 
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volume arc critical in determining the performance of the silencer. The transmission loss of 
such a silencer is given by the following: 
T.L. = 10 Log [ ' • ., (!> • ?·"( )2] D- + n- x L - .f2.. 
fo f 
where; 
D resonator resistance (dimensionless) = 
B resonator reactance (dimensionless)= 
fo resonant frequency of resonator (Hz) 
V volume of resonator (cu metres) 
Rx A 
Ao x p x c 
A xc 
2x7TxfoxV 
A main duct cross sectional area (sq metres) 
Ao total aperture hole area (sq metres) 
n number of tubes 
p density of air (kg/sq metre) 
c speed of sound (m/sec) 
R acoustic resistance (N·scc/cu metre) 
The resonant freq uency of the silencer is given by; 
fo _c x (~)o.;, 
2 xTt Vxtl 
where; 
+ 0.8x[¥. 
length of tubes (metres) 
...... (I) 
(2) 
...... (3) 
...... (4) 
...... (5) 
A computer program was used to calculate the transmission loss curves for the resonator, the 
progran1 calculating the attenuation for given spatial limitations. According to Beranek [ 2 I 
the value of the resonator reactance, B should not be below 0.5 (equivalent to the assumption 
that the resonator dimensions arc small compared to a wavelength). However, it is clearly 
preferable that B should be as low as possible in order that the maximum attenuation is 
obtained. A value of 0.23 was chosen and the predicted transmission loss is shown in 
Diagram 2. The two curves show that decreasing the value of B from 0.5 to 0.23, gives a 
fur ther increase of 15 dB to the attenuation at thercsonant frequency. The final design of the 
resonator also differed from the classic side branch resonator in that the resonating volume 
surrounded the main duct. Diagram 3 illustrates the design of the silencer showing it in 
section and cross section. 
The resonant frequency of the silencer was designed to correspond to the sound emission at 
the idling setting of the boiler as the maximum noise was emitted at this setting. The perfor-
mance of the silencer obviously decreases with the increase of the boiler setting ( and 
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DIAGRAM 2 Predicted transmission loss of resonating silencer 
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DIAGRA..'vl 3 
,~ _ __ outer casing constructed 
from one-eigth inch steel 
(a) Section through resonating silencer 
{b) Cross-section through resonating silencer 
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subsequent increase in frequency of the emitted tone). This is o ffset by the decrease in 
emitted level. The end plate of the silencer was designed to be removcable in order that 
the resonating volume could be decreased in case of constructional errors, thus ghing the 
flexi bility for tuning the silencer. The material used for construction was one- eighth inch 
steel, which was chosen in view of the low frequency of the noise source. Care was also 
taken in calculation of the adverse effects that the tail-pipe could give, as in some instances 
an incorrect choice of tail-pipe dimensions could offset the high t ransmission loss at the 
resonant frequency. 
100 
90 
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70 
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50 
40 
0 10 20 30 40 50 60 70 80 90 100 
Frequency (Hz ) 
DIAGRAM 4 Spectra at 0.5 met res distance from air inlet -· boiler idling 
(a) absorptive silencer only in position 
(b) absorptive and resonating silencer in position 
RESULTS 
Tests carried out before and after installatio n of the resonat ing silencer enabled the 
silencer performance to be deterrnined. Diagram 4 illustrates the measurements taken at 
a distance o f 0.5 metres fro m the air intake with the boiler at idling setting. The 
corresponding at tenuation was obtained in the adjacent residential p roperty. The level of 
60 dB at 30.5 Hz was increased by 6 dB for one particular setting of the boiler (setting 3 
in a range of 10), due to the increase in frequency of the peak, though the boiler operates 
for a limited period on th is setting when on an automatic routine. This reduction in noise 
level was sufficient to remove the nuisance problem in the residential property. 
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Many types of industry are annoyed by low frequency noise, 
which for example is the case in foundries, ships, power 
plants , and in the concrete industry. Membrane absorbers 
can be used for the abatement of those annoyances, and the 
Danish Council of Technology has financed a study [1] of ' 
how to design the absorbers to make them as efficient as 
possible . 
By perpendicular incidence of a plane wave the absorption 
coefficient a can be written as 
a 
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where zab and Zst are the specific impedance and the spe-
cific radiation impedance of the membrane absorber, re-
spectively. 
The specific impedance zab can - with the cavity depth t 
and the propagation constant within the cavity y - be 
written as the sum of the contribut ions from the membrane 
plate and the cavity filled with mineral wool. At low 
frequencies [2] it can be written that 
pc2 
2Mwnm + jMw + Jw- y coth (yt) (2) 
where M is the mass of the plate per square unit and n the 
loss factor of the frame-mounted plate without a cavity 
behind. 
The propagation constant y can for low frequencies [ 2] be 
written as 
y (3) 
and for r -+- o 
~+j w (l+~(~) 2 ) 2pc c 2wp ( 5) 
where r is the flow resistivity of the mineral wool. 
By various calculations it can be shown that (2) can be 
converted into 
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1 (2Mwrim + h p-c ) pc 
1 (wM 
-pc 
h(w,r,t) 
sinh 
co sh 
rt 
3pc 
rt 
P C 
rt 
pc 
pc2 
wt g) 
r sin wt 2wp c 
cos 
2wt 
c 
for r -+ o 
g g(w,r,t ) 
rt sinh rt + wt sin 2wt 2PC pc c c 
cosh rt - cos 2 wt 
P C c 
(6) 
( 7\ 
(8) 
(9) 
(10) 
( 11) 
(12) 
The quan t i t y R
0 
is thus t he sum of the norma l ized l osses 
in the plate and the cavi ty . 
The speci fic r adiation impedance Zst can be written as 
pc (f.; + jlj.I) (13) 
and in order to o btain the maximum coefficient of abs0rp-
tion the following equations must be satisfied : 
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(14) 
(15) 
With reference t o Rindel [3] it is possible t o calculate 
s b y means of functi o n in f i g. 1 whe re 
a Ii 2 
and S is the area of t he membrane p late, and k is t he wave 
number. The flow resistiv i ty r is taken from fig. 2. 
Equation (15) is the resonance condition, and for an in-
finite stiff piston in a wall it can be shown [4] that 
0 < "' < 0 , 7 
Because the reso nance condition is 
w 
1 pc 2 
pc (wM - wt g) 
pctljl(~) (< o ctlj/) 2 + 4tgMo c 2 
2Mt 
~ c Mt 
for ljl < 0,7 and normal values oft and M 
{ii-
for g + 1 
(1 6) 
(17) 
(18) 
(19) 
which is the normal formula for cal culatio n of the r eso-
nance frequency. 
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For simplicity 1JJ is negl igible, and (15) can be converted 
to 
B = o 
Combining (6) a nd (13) wi t h (1) one gets 
Ct 
R - ~ + j(B - IJJ ) 1 - I R: + t; + j ( B + iJJ) I 2 
Ro + t;) z + ( B + IJJ) 2 
Values of iJJ > o will give higher values of Ct than w 
Conservatively iJJ is therefore p ut as IJJ = o . 
Hence (2 1 ) is convert ed into 
4 
Ct (R + t; ) 2 + B2 
0 
(20) 
(21) 
(22) 
o. 
( 23) 
The highest absorption of resonance is Ctmax 
obtai ned when (14) and (20) are satisfi ed . 
1 , which is 
Besides the absorption coefficien t a it is also of inter-
est to know t he bandwidth nf . Provided 6 f << 2fres it 
can be shown that 
( 24 ) 
A lightweight p l ate and high l osses g i ve a b"oad bandwidth . 
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The rule- of- thumb for getting a high value of a is there-
fore to try to satisfy (14) but this will cause a small 
value of 6f. This quantity can be increased by increasing 
the losses but this change will at the same time cause a 
decrease in amax 
The method of calculating R
0 
has been verified by means 
of experimental measurements of reverberation time per 
1/3 octave band . The measurements were c arried out both 
on a frame- mounted plate without a cavity behind, and on 
the same frame- mounted plate fixed to a wall with mineral 
wool in the cavity. 
The former measurement gave a calculation of R
0 
0,28, 
where the parameters were M 2,7 kg/m2 , t = 0,05 m, 
n = 0,006, s = l m2 , and r = 5000 Ns/m 4 • 
The l atter measurement gave a direct measured result of 
R0 = 0 ,30. Both measurements were carried out i n the 
160 Hz 1/3 octave band because fres = 163 Hz . 
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Sound Insulation in Bui l dings Within the Frequency Range 
50 - 100 Hz 
Per Kruppa and Laur ids 0stergard , 
The Jutland Technological Institute , 
135, Marselis Boulevard, DK- 8 000 Arhus C 
Summary 
By an investigation of t he sound insulation of windows 
with regard to traffic noise it has been established t hat 
sound transmi ssi on in the frequency r ange 50- 100 Hz is pre-
dominant for some constructions . In the case of light par-
ty walls and floors it can likewise be established that the 
sound insulation of the constructions in the frequency range 
below 100 Hz determines the actual sound insulation . In the 
l ight of this , it seems disadvantageous that international 
standards only prescribe measurings of the sound insulation 
of building elements in the frequency range 100-3150 Hz . 
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Introduction 
I n connection with a number of consultative tasks the In-
stitute has noted that in some cases there is bad corre-
lation between the subjective perception of the sound 
conditions and the objective measuring results. It is our 
opinion that the reason for this in some cases i s the sound 
transmission in the frequency range below 100 Hz . 
The acoustic frequency range when measuring airborne sound 
insulation and impact sound insulation in buildings is tra-
ditionally 100- 3150 Hz. The ISO-standard 140, parts I-VIII, 
which has just been adopted, does in fact also recommend 
t hat measurings are carried out·in this frequency range. 
The same applies to ISO R 717 which is being revised at 
present. 
Of course, tradition is not the only reason for this - the 
problems connected with obtaining adequate measuring accu-
racy at low frequencies by normal room sizes are also a 
decisive factor. The limited frequency range particularly 
gives problems by fa9ade constructions as the noise from 
major vehicles such as lorries and buses has a high energy 
content in the low-frequency range . This problem is in-
creased concurrently with the development of the public traf-
fic. 
In connection with a major investigation on measuring sound 
insulation against traffic noise for a large number of dif-
ferent window constructions the Institute has therefore also 
investigated the conditions in the frequency range 50- 100 Hz . 
Inves tigation of the sound insulation of windows 
The investigat ion was carried out on behalf of the Danish 
Environmental Board. The purpose was to investigate the ex-
tent to which the sound insulation and heat insul ation could 
be improved in an existing, old building. The measurements 
have been carried out in accordance with ISO 140, part V, 
traffic being the source of noise. The noise leve l outside 
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the building was registered by means of a microphone at a 
distance of 2 m from the window, (fig . 1). The noise level 
in the measuring room was registered in six fixed micro-
phone positions as the noise from a rotating microphone 
boom turned out to have an influence on the measuring re-
sult by window constructions with high sound insulation. 
The noise was tape-recorded and analysed in the analysis 
setup, shown in fig. 2 . 
When choosing the measuring objects, efforts were made to 
maintain the existing fa9ade solution to the greatest pos-
sible extent. 
B&K 4 145 
B & K 2804 
B & K 2607 Revox A 77 
Fig. 1, measuring setu;> 
Revox A 77 B&K 2131 HP 9B25A HP 9872 A 
Fig. 2, analysis setup 
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Vertical section in 
che original con-
struction with single 
pane mounted in pla-
stic lists 
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Fig . 3 shows the simplest improve-
ment of the construction consist-
ing of a single pane mounted in pla-
stic lists on the existing frame. 
In fig. 4 some of the tested con-
structions with the corresponding 
measuring results are shown schema-
tically. The measured Ia- values , 
determined in accordance with ISO 
140 (frequency range 100-3150 Hz) , 
are i ndicated in the figure . 
fiL(A)eq,100-3150 Hz and 
6L(A)eq , 50-3 150 Hz is the sound 
level difference calculated on the 
basis of the actual traffic noise 
spectrum in the particular place 
and the measured sound insulation 
in the frequency ranges 100- 3150 Hz 
and 50- 3150 Hz . The values have been 
converted to a reference situation 
where the window area= 2 m2 , the 
volume of the receiving room = 
32 m3 and the reverberation time in 
the receiving room = 0.5 s. 
From this it appears that by the cons truction e (double con-
struction with a g l ass insulating double unit mounted 13 cm 
from the original construction) there is a 5 dB d i fference 
between the sound level d_ifferences determined in the two 
frequency ranges. Several of the other constructions show 
the same tendency. 
This is due to the fact that because of the resonance condi-
tions these constructions have a low insulation in the fre-
quency range 50 - 100 Hz at the same time as the traffic noise 
in heavy city traffic has a high energy content in the same 
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t I a. Original window M~ b. Single pane in I~ plastic lis t s 
J=~ I a 25 dB w I a 29 dB llL(A)eq' ~I .!.L(A)eq' 100- 3150 Hz 30 dB L,_.. 100-3150 Hz 30 dB 
\Li 50- 3150 Hz = 29 dB n 50- 3150 Hz ~ 30 dB I 
le- t=I I 
I,, 4 --rmm 
~ ' I r-1 
M c. Single pane at a ~1 d. Single pane at a distance of 130 mm distance of 300 mm 
~ l a • 37 dB h ~ Ia 41 dB 6L(A) 0q: llL(A)eq' 100- 3150 Hz • 37 dB cp= I 100-3150 Hz 43 dB 50- 3150 Hz 34 dB 50- 3150 Hz 41 dB b I 6 ~ ~00~ ~ P- =DJ 
r~ e. Glass insulation ~~ f. Glass insulat ion doubl e uni t a t a double unit at a distance of 130 nun distance of 280 mm 
fi I • 42 dB ~ rta I 43 dB a a llL(A) 0q: llL(A}0 q: 100- 3150 Hz • 45 dB 100- 3150 Hz 47 dB 50-3150 Hz • 40 dB I ~ 50- 3150 Hz 47 dB 
~ ~Om~ ~~ 
Fig . 4 , measuring r esults for d i fferent window constructions 
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frequency range. However, the frequency spectrum in the 
measuring place does not differ from frequ ency spectra re-
gistered by other investigations. 
d81210 s p., 
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Fig . 5 - measuring result for obJect e, 
curve l: sound pressure level 2 m in 
front of the fa)ade. Curve 2: sound 
pressure level in measuring room, 
(both curves are A-weighted) 
I 
' 
I 
.... 1 
Fig. 5 shows a fre-
quency analysis of 
the noise leve l out-
doors and indoors 
for the measurement 
carried out in con-
nection wi t h con-
struction e. The in-
dicated levels have 
been adjusted with-
in each 1/3 octave 
band in accordance 
with the A-weighinc 
so that it clearly 
appears which fre-
quency bands are 
decisive for deter-
mining the dB(A) -
level. 
In the light of this, it must be concluded that measurings 
according to ISO 140 ( in the frequency range 100-3150 Hz) 
are insufficient to obtain information about the sound in-
sulation against traffic noise of some of these fa9ade con-
structions . 
Airborne sound insulation in buildings 
In connection with several of the ordinary sources of nois e 
occurring in buildings it has likewi se turned out that the 
dominant sound transmission often takes place in the fre-
quency range below 100 Hz . Thus, Leif Cederfelt (1) has shown 
that by using light, separating constructions as for instance 
plasterboard walls the sound l evel in the receiving room will 
be 7 dB(A) higher than is the case for a concrete wall with 
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approx. the same Ia-value, (fig. 6) . 
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Fig. 6, according to Leif Cederfelt Cll. 
Curve l: calculated sound pressure level 
4 
in the receiving room with a double pla-
sterboard wall with I ; 55 dB as par-
tition. curve 2: calc~lated sound pressure 
leve l in the receiving room wi t h a concrete 
wall with I = 56 dB as partition. Both 
curves are i - weight:ed. As bas is is chosen 
a 11 music-spectrurn" in the sourc e 
room accordi ng to DIN 45573 
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These problems are 
made topical through 
increased spreading 
o f powerful HI-FI 
equipment with a 
good bass reproduc-
tion down to 20-30 
Hz. 
The Institute par-
ticularly faces the 
problem in connec-
tion with the estab-
lishment of disco-
teques, etc . in ex-
isting buildings. 
The Danish Build-
ing Regulations re-
quire an airborne 
sound insulation 
of min. Ia = 60 dB. 
Despite the fact 
that the stated 
requirements are 
fulfi lled , complaints are of ten made because the sound trans-
mission takes place in the frequency range below 100 Hz. 
I mpact sound i nsulation in buildings 
When measuring t he impact sound insulation in buildings , a 
standardized tapping machine is used in accordance with ISO 
140 , and the noise level from this machine is measured i n 
the frequency range 100-31 50 Hz. By l i ght storey partitions 
the generated spectrum is qui t e different from the noise 
from foo tsteps, which is also the reason why this measuring 
method is no t used in some countries. As , moreover, the re-
commended frequency range is probabl y quite insufficient i n 
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relation to the practical 
conditions , i t is obvious 
that disagreements between ob-
jective measurings and t he 
users' perception of the sound 
conditions will be experienced . 
It has not been possible to 
make a complete investiga-
tion of these conditions, 
and therefore we shall only 
refer t o fig . 7 , showing the 
measuring results from a sto -
rey buildi ng where repeate d 
complaints have been made by 
the inmates because of impact Fig. 7 , impact s ound l eve l from a 
light storey partition with car-
pets . noise from t he neighbours . 
The Ii-values are 4-12 dB 
better than is required according to Danish legisl ati on. By 
the investigations we noted considerabl e nuisance caused by 
impact noi se from flats situated over the measur i ng room, a nd 
the curve measured in accordance with ISO 140 actually indi-
cates a considerable increase in the l evel at low frequencies. 
Discussion 
In the light of this, it seems disadvantageous that ISO 140 
and I SO R 7 17 do not deal with the frequency range below 1 00 
Hz. In examples of the test procedur e ISO 140 recommends -
by measurings in buildings - a minimum vol ume of the measur-
ing rooms of 25 m3 , correspondi ng to a lower l i mit of 100 Hz. 
The reason for this is t hat the inaccuracy o f measurings is 
consider a b ly increased - among other things because of fewer 
eigenmodes in the rooms. It shoul d, however, be mentio ned 
that ISO 140 states t hat measurings should be carried out at 
least in the range 100-3150 Hz. Therefore, measur ings can, 
acc o r ding to this standard, be carried o u t within a broader 
frequency range if only the inaccuracy of measuring can be 
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stated. 
ISO R 717 , which is being revised at present, is more prob-
lematic. In this standard onl y evaluat i ng c urves for the de-
termination of Ia (R'wl and Ii (L ' wl in the frequency range 
100-3150 Hz are indicated. Moreover, it seems as if the 
"8 dB- rule" will be removed. ( " 8 dB-rule" means that no 
single deviation from the evaluating curve must exceed 
8 dB). Thi s rule contributed to ensuring that by light con-
structions such as plasterboard walls and wooden storey par-
titions very low values of the insulation at for instance 
100 Hz could not be accepted . 
The "8 dB- rule" will - among other things - be removed be-
cause it increases the inaccuracy by the determination of 
Ia (R'w) and Ii (L'wl as these values in some cases will 
be determined by the sound reduction index, R', and the im-
pact sound pressure level, L'n' at for instance 100 Hz where 
the measuring inaccuracy is grea t er than is the case a t high-
er frequencies . 
It is extremely regrettable that the importance of the low-
frequency range is put in a lower class tp increase the 
reproducibility of the determination of these important 
figures . The result of this can only be an even greater 
difference between the objective criteria and the users' 
perception of the sound conditions. 
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ELIMINATION OF INFRASOUNO GENERATED IN \'/ATER POl'/ER STATIONS 
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In hydroelectric power stations infrasound is produced throug h Q 
coupling of oscillations in t he water flow in tubes and channels 
into t he atmosphere . Dur ing certain operation conditions a con-
siderable amoun t of energy, up to several ~1W of acoustic power, 
is radiated into the atmosphere. 
The phenomenon is of cons ide rable interest in the energy produc-
tion; oscillations of water masses , in addition to energy losses 
(radiat i on of low frequency waves) , ser iously influence turbi-
nes, buildnings and other par t s of hydroelectric stations . This 
is because oscillations add to a static load on different parts 
of the plant a dynamic component which accelerates .ageing of the 
material. 
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In Sweden, a research programme dealing with low frequency mecha-
nical oscillation in hydroelectric power stations has been carried 
on s i nce 1974 . In particular , mechanisms for generation of infra-
sound were stud ied . Recording of the infrasound in a station has 
an important practical applicat ion: it may be used as an early 
warning for a growing oscillat i on in the water flow . Espe~ially 
in unmanned power stations a recording o f the infrasouncl level 
g i ves an efficient .nethod of detection of certain dis turbances . 
An infrasound de tector developed for this purpose is a lr eady i n 
regular operation i n a few hydroelectric power stat i ons belonging 
to the Swedish State Power Board. 
In addition to t he methods o f detect10n new methods for damping 
of l ow frequency oscillations in hydroelectr ic power s t ations 
have been developed . The osci l lations have hitherto been consider-
ed as impossible to con trol . 
As a hydroelectric power station has to be considered not only as 
a hydrailic but also as an acoustic syst em any changes of the coup-
ling between its different parts will change the resonant proper-
ties of the sys t em. One poss ibility in underground stations is to 
close drafttube shafts with air-tight cover s . This method has 
bee n successful l y used in the underground pnwer station Sallsjo 
belonging to the power company Norrlandskraft AB. An average damp-
ing of about 20 dB within the whol e frequency range of infra-
sonic osci l lations has been obtained. At cer tain frequencies a 
damping up to 40 dB has been obtained . As an example the result 
of closing of the drafttube shafts at maximum power output (84 ~IW) 
from one of two generators (the second generator was i n the shown 
example not in oper ation) on the f r equency spectrum of oscilla-
tions is shown in Fig 1 (thi ck line) . Al so the frequency spectrum 
of oscillations with open drafttube shafts is shown in Fig 1 
(thin line). 
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Fi<,i 1. The frequency spectrum of lOI~ frequency oscillations 
(0-50 Hz ) in Sallsj o hydroelectric power· station at maxi -
mum power ou tpu t from one generator. Upper curve (thin 
line): open drafttube shafts ; lower curve (thick l ine) : 
closed drafttube shaft s . 
Tile frequency spect ra have been made using a 400- channel FFT ana-
lyzer CB&K). The measuring microphone (a modified B&K 4117 micro-
phone) has been p laced in the shaft below the cover . 
Another method for damping of i nfras0nic oscillations is based on 
the fact that the sound velocity in water-filled tubes may be de-
creased from nominal 1497 rn/sec down to as low as 290 m/sec by 
adding to the water a small amount of air bubbles (Pearsall, 1966). 
It has been proposed by Liszka and Lundkvist (197Q' that the phe-
nomenon may t:>e used for eliminat ion of low frcqu• y oscill.:itions 
in hyclroelectr i c power stations . 'rhe method has h• ··•n tested in 
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the underground power station Harrsele (3 generators 65 11\~ each) 
belonying to the power company Norr l andskraft AB. It has been 
found that the me t hod decreases the oscillation amplitude within 
a wide range of frequencies . The positive effects are most pr o-
nounced on the turbine spi r al. The vibration acceleration was 
found to decrease there i n total to 1/3 of its normal value . At 
the lowest frequencies (<20 Hz ) the difference is as large as 
20 dB (see Fig 2). The resul t i s of a considerable signif i cance 
for decreasing of the ageing o f mater ial in the turbine. As tur-
bine spirals are in l arge extent responsible for generation of 
low frequency audible no i se i n hydroelectric stations the method 
gives a considerable reduction of audible noise . The mentioned 
power station is now being equipped with permanently operatiny 
air compressors . 
Fig 2 . The vibrations spectrum in the turbine spiral (G3) of 
Harrsele hydroelectric stati on in normal operation 
(upper curve) and af ter int roducing 3 m3/min of air 
bubbles to the intake tube . 
Proceedings of the Conference on l ow Frequency Noise and Hearing 
7-9 May 1980 in Aalborg, Denmark 
273 
The added amoun t of air corresponds to less than 1 °/oo of t he 
water volume . The method is especially useful in power s tations 
with dom inating oscillations on the intake side of tile turbine . 
The above methods are already in regular operation and may be 
used as an example of an unconventional elimir.ation of infrasonic 
oscillations . 
The present research was supported by the Board for r:nergy Source 
Development , Stockholm. 
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Suppression of l ow-frequency noise of about 
20 to 25 Hz in large compresso r s 
Dr.-Ing. Juva l Mantel 
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Severa l l a r ge compressors and turb ines used for compress i ng 
ai r in a sewage plant in Munich we r e generating a i r pressure 
waves i n the frequ ency range 20 to 25 Hz and also bea t s. As 
a r esult of secondary effects these a ir pressure pulses were 
causing a nuisance in the neighbourhood, for seve ral hundred 
metres across a bu sy ma in r oad . The low-frequency noise in 
con j unction with the high-frequency spect r um of the machines 
wa s not unduly loud ow ing to the noise of traffic. In the. 
neighbouri ng houses, however, the no i se had a pronounced ef-
fect owing to the window vibration . The rattling panes ampl i-
fie d th e p r imary sound by up t o 30 dB . To suppress th e noise , 
a silencer with a sound absorption factor o f 30 dB/20 Hz had 
to be design ed and bu i 1 t. This was accomp 1 i shed by combining 
a few physical effects such a s diffract i on , chambe r si l encing 
and absorp tion silencing. The values calculated and measured 
for the s il encer components differed b1 1 t o 2 dB . 
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l . Prob 1 em 
The settl i ng basi ns at Grosslappen sewage plant in Munich 
are supplied with compressed ai r ( 0 ,4 bar) t o accele r a te 
the purificat i on process. The fol lowing compresso r s and 
other equipment are accomodated in a machine room: 
Table l 
No. Equ i pment Power Ai r volume Pressur RPM 
(kW) (m 3 / h ) (bar) 
l. Di esel/ 760 - - 300-428 
Gas motor 
(power source 
for compressor s) 
2. Gas motor 760 - - 300-428 
3. Gas motor 1045 - - 300-4 28 
4. Piston Compresso r 1900 39000 0,45 300-428 
5. " 1900 39000 0,45 300-428 
6. " 1900 39000 0.45 300-428 
7. " 1900 39000 0,45 300-428 
8. " 1900 39000 0,45 300-428 
9. Compre s sor 2100 90000 0,45 1488 , 4350 
turbine 
The above equipment generates low-frequency noise both in 
the mac h ine room and on the r oof at the exhaust outlet and 
particularly at the intake port. 
Spect r al i nvest iga t ions In the immediate vicinity of the 
i ntake port, In the machine r oom, on the roof and at various 
distances In the v i cini ty affected yielded spectra with a 
maximum spectral component In the region of 20 to 30 Hz, de-
pend ing o n the ope rating speed o f the machine. 
Since t he neigh bours have no visual contact with the sewage 
plant for a few hundred metres (appro pria te walls) and 
there is a busy main road inte rvent ing, it is on ly the ex-
tr eme ly bw frequencies of the compres sors that affect neigh-
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bour i ng r es idents . 
The (A )- we ighted no i se l e ve l is not so much due to the i n -
dust r i al noise described hut rather to the noise of traff i c. 
At traffic noise leve l s of 50 to 60 dB (A) and extremely 
fast decrease of the level to below 40 dB (A) the low-fre -
quency spectrum components attain a value of 60 to 70 dB . 
Since the window-panes of the neighbouring houses are large, 
the w indows i n a l most every ho use were obse r ved to resona t e , 
thus r everbera t ing and , i n some cases, causing ampl i fication 
and ~eq u enc y disp l acement o f the no i se. This gave r i se in 
cer t a i n parts of l iv i ng- r ooms to no i se leve l s of up to 
96 dB/ 3 1 Hz a l though the noise out.side the house wa s below 
70 dB . 
As t he noise source and the sound transmission paths /1/ 
were known , an economic concept was devised /2/ to minimize 
the machine room noise in the neighbourhood . The planninq 
work /3 and 4/ culminated in an underground bunker C made 
possible by having roofs support i ng a high weight per unit 
area) a f fording sound t r a n sm i ss ion loss and a bsorption. 
This bunke r compr i sed a c omb ina t ion of thre e di ff erent sound 
1 eve l r e ducing fac i 1 i t ies : 
a . The intake air had to be diffracted by a ba r rie r ( see 
F igs . 2 and 3 ), thus caus i ng a reduction of the sound 
level, particularly at high frequencies. 
b. A chamber silencer with sound-absorbing walls and roof 
should afford additional sound level reduct i on In the 
narrow f requency range. 
c. An absorpt ion s i lencer as relaxat i on s i lencer was de-
s igned fo r the low f requencies, the length ava il able be--
ing 15 m and the cross-section 30m 7 ( f or an air volume 
of250,000 m3 /h) /5 -6/ . 
This combination of the three physically different effects 
should prov i de the sum of the individual noise level reduc-
~ ions (w i th s everal similar processes the reduction effects 
may cancel each other) /9/. The individua l facilities are 
as fol lows: 
2. Ba r r i er 
Loca t ed a t a distance of 200 m, i. e . ha l f way between the 
machine room and the neighbour i ng resident s, the wall gave 
very little sound diffrac t ion, thus affording no appreciable 
reduction of the sound l_evel. This barrie r was f)articularly 
Ineffective at low frequencies. 
By incorporating a barrier in the form of a H"nel which was 
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direc ted 180° away fr om the neighbour s i nvolved , and wh i ch 
was also additionally provided with sound-ab sorb ing l i n i ng 
(7,5 cm l ight wood fibre sheet ing suppl i ed by He r aklith) 
it was poss i ble to detour the sound pa th severa l metres. At 
a wave length of 17 m, which oc cu rs at a low f requency of 
20 Hz and zero temperature, an a pprec iable sound level re-
duction of approx. 9 dB/20 Hz can a l so be expected. To avoid 
sound reflection from t h e mach i ne room (towards which the 
sound funne l was dir ected), a distance of over 40 m, i.e. 
more than two wavelength s and a few rows of trees were pro-
v i ded, the la t ter caus i ng addit i ona l scattering of t he sound 
Such scattering i s only possib l e with appropriate d imens ions 
o f t he tree$ and d istances between the rows. 
3. Chamber silencer 
With chambe r s i lencers the no i se level r educ t ion above the 
natural frequency is expected to be en t ranced by 40 dB per 
decade . In practice, it is known that it is only possible 
to achieve noise l evel red uction of 30 to 40 dB at best, 
be ing main l y frequencies just above the natural fr equency 
that a r e of interest . Alt hough the natu r al frequency of the 
chamber s ilencer was relatively low, the reduc tion in the 
no ise leve l achieved with the chamber silencer was not ex-
pec ted t o exceed 30 dB. It was even assumed that only 
12 dB/20 Hz would be reached. 
Si nce exact calculation of chamber s ilencers is extremly dif-
ficult, it was decided to dimension the absor ption s il encer 
at a later t ime , once the chamber silencer a nd barr ie r have 
been installed . It was found t hat the two foregoing facil i-
ties ( bar ri er and chamber silence r ) together affo r d a re -
duction in th e sound l eve l of 18 dB/20 Hz, a further reduc-
tion of 12 dB/20 Hz thus st il 1 being necessary t o reach the 
tot a 1 t arget of 30 dB /20 Hz. 
4. Absorption si l encer 
The absorption s il enc er should afford a 12 dB/20 Hz reduc-
tion in the no i se l evel. Older /7/ and more recent /8 / cal-
c ulation methods allow the noise level reducti on (sound ab-
so rpti on) i n relaxation silencers t o be determined, provided 
that the exact techn i ca l data of the materials a r e known. In 
practice, i t I s f ound that exact cha r ac t e ri s t ic data are not 
available. Er rors of - 50 % t o ~100 % are qu i te possib l e. 
It was therefore suggested that the absorpt ion silence r be 
assembled from a f ew succe ssively connected units so tha t 
cross-sectiona l discont i nu i ties i n the ab sor ption silencer 
can provide additi ona l a bso rpt ion . 
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5 . Final remark s 
Comp resso r no i se wh ich was generating le vels of 60 to 70 dB 
/20 Hz at a d i stance of several hund r ed metres, but which 
was producing up to 96 dB/31 Hz in c l osed houses mace it 
necessary to reduce the noise level. One of the b iggest si -
lencers in the world was planned and manu fact u r ed i n the 
f o rm of a subterranean bunker ensur ing sound transmission 
l oss . At the time of going to press th e absorpti on s il ence r 
had not yet been installed, and so no data on thi s pa rt of 
the project are available at present. 
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Points of Measurements (1978) 
I -ll 
N _JI 
m = 1000 
on su r-face A = Air Intake 
in s ubter-r-anean silencer-
A Air Intake 
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With Nicolet's 
FFT Analyzer 
" . . Njcole1Model 444·163 with "d1g11any ca1-:: u r.a1e<l 
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When le >w frequency 
measuring equipment is 
required ... 
. . . Briiel & Kjaer is at hand 
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Precision Condenser 
Microphone 4147 with 
carrier system 2631 
Tape Recorder 7003 
Narrow Band Analyzer 
2031 
Digital Casette Recorder 
7400 
Impulse Precision 
Sound Level Meter 2209 
,,, ' 
R ~ Bru· el & KJ" ~r Call Brue! & Kjce r Denmark I\ ~ or your loca l representative 
DK- 2850 NIERUM, DENMARK · Telephone: + 452800500 · Telex : 37316 bruka dk 
ISBN 87- 7307-061-0 
